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The main objective of this research is to analyze the characteristics of skid resistance 
and braking performance of passenger cars on textured pavement surfaces under 
different driving conditions during wet weather using 3-dimnesional finite element 
simulation. The first part of the study involves the development of a 3-dimensional 
simulation model of skid resistance of rolling tires with different slip ratios on 
pavements with different texturing patterns. Through the numerical studies, the effect 
of rolling tires and pavement texturing on skid resistance were investigated by 
comparing with those of smooth tire on smooth pavement. The second part of the study 
focuses on prediction of passenger car braking distances on wet pavements under 
various operation conditions including different water-film thicknesses, tire slip ratios 
and pavement textures. The proposed method has been demonstrated to be a useful and 
convenient tool for predicting skid resistance and braking performance of passenger 
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Low skid resistance of wet pavement has been identified as a key contributor to 
highway accidents. During wet weather, automobiles could experience lower skid 
resistance or hydroplane and lose directional control. To better understand and improve 
pavement skid resistance, numerous experiments have been conducted by past 
researchers since 1920s. Significant research emphasis has been placed on developing 
predictive models for the relationship between skid resistance and pavement surface 
texture. Most of these are empirically-based statistical models. Fundamental theoretical 
models are needed to provide insights into the mechanism on how pavement texture 
affects pavement skid resistance. 
This study aims to evaluate pavement surface characteristics in respect of their 
impact on pavement skid resistance and vehicle braking performance under wet 
conditions. A three-dimensional finite element simulation model has been developed to 
analyze tire-fluid-pavement interaction. It considers the effect of rolling tire on 
tire-fluid-pavement interactions. The calibration and validation of the model was 
performed for the case of a smooth tire with wheel slip ratio varying from 10% to 100% 
under wet pavement conditions. The model was applied to study the beneficial effects 
of anti-braking system in reducing braking distance. 
The skid resistance and hydroplaning performance of grooved and ungrooved 
pavements were studied. Automobile braking distances on wet pavement surfaces were 
 vi 
 
evaluated for both locked and unlocked wheels. The effect of water-film thickness, tire 
slip ratio, initial vehicle speed and pavement grooving on skid resistance and braking 
distance were evaluated using the developed numerical simulation model. 
In the second part of the research, the focus is placed on evaluating the effect of 
pavement texturing on skid resistance and hydroplaning speed. The finite element 
model is applied to study skid resistance behaviors of pavements with grid-pattern 
grooves. This model is able to consider the effects of various factors such as vehicle 
speed, water film thickness, wheel load and pavement surface conditions. The model 
was applied to evaluate the benefits of grid-pattern grooving in improving pavement 
skid resistance under different vehicle speeds, pavement surface textures and 
water-film thicknesses. 
In the third part of the thesis, a mechanistic methodology is presented to estimate 
automobile braking distance under wet-pavement conditions incorporating pavement 
texturing, tire slip ration and anti-braking control. Based on the improved skid 
resistance simulation model incorporating rolling tire as well as textured pavement 
surfaces, braking distance can by calculated using the computation framework under 
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Chapter 1 Introduction 
1.1 Background 
One major concern of highway engineers is the wet-weather driving safety of vehicles. 
Among factors related to this safety problem, wet-pavement friction has been 
recognized as a key factor that affects road safety. According to reports by the National 
Transportation Safety Board and Federal Highway Administration (FHWA), about 14 
percent of fatal accidents occurred when pavements were wet (Chelliah et al., 2003). 
Moreover, studies showed that by improving pavement skid resistance, wet-weather 
accidents decreased by at least 54 percent (Hall et al., 2009). In the United Kingdom, it 
is reported that more than 25 percent of wet weather accidents were related to skid 
resistance condition (Kennedy et al., 1990). In 1980, the National Transportation 
Safety Board (NTSB) and the Federal Highway Administration (FHWA) of USA 
reported that wet pavements contributed to 29 percent occurrences of all accidents 
(Dahir and Gramling, 1990). Overall in the 1980s, there were over 40,000 annual road 
accident fatalities in the United States, which cost around $260 billion in year 2000 
(Larson et al., 2004). 
In wet weather, vehicle skidding or hydroplaning can occur if there is inadequate 
skid resistance available on pavement surface. Hydroplaning is a situation when the 
tire is separated from the road surface by hydrodynamic forces and skid resistance 
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decreases to low or near-zero levels. This phenomenon results in road safety problems 
like those mentioned earlier. The potential of a vehicle skidding is strongly dependent 
on highway geometric design, surface texture, and vehicle variables such as speed and 
tire pressure. Among these factors, pavement surface characteristics have been 
considered as a key factor related to wet road accidents. Through experimental studies, 
Balmer (1978) reported that there was a gap of 16km/h in hydroplaning speed which 
was covered by the changes in surface texture depths from 0.5 to 3 mm. In a report by 
Larson (2005), it was noted that poor surface characteristics have accounted for about 
one third of the highway accidents in the U.S. Recently, North Carolina Department of 
Transportation (DOT) reported that there was a negative relationship between crashes 
and pavement macrotexture (Pulugurtha et al., 2008). 
Historically, many efforts have been devoted to quantifying the relationship 
between wet pavement friction performance (i.e. skid resistance and hydroplaning 
speed) and pavement surface texture using experimental data (Meyer, 1991; 
Kulakowski and Meyer, 1989; Henry, 1986). In recent years, with the advancement of 
computer technology, several researchers have studied the phenomenon of vehicle 
skidding and hydroplaning using numerical modeling based on the theories of 
mechanics and hydrodynamics (Fwa et al., 2010; Fwa and Ong, 2008; Ong and Fwa, 
2007b,c). Although much progress has been made in this regard, more research efforts 
are required to provide a better insight into the mechanism of skidding and 
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hydroplaning related to pavement texturing and wheel operation condition.  
1.2 Objectives of Research 
The main objective of this research is to develop a computer simulation model of 
rolling tires on textured pavement surfaces and study the effect of pavement surface 
characteristics on pavement skid resistance and the occurrence of hydroplaning. The 
detailed objectives are listed below: 
• To develop a three-dimensional finite element simulation model, including 
representation of pavement macrotexture, based on solid mechanics and 
hydrodynamics theories to simulate the interaction between rolling tire, fluid 
and either asphalt or Portland cement concrete pavement surface, and 
determine the hydroplaning speed and skid resistance of the system; 
• To validate the proposed analytical simulation model using data of skid 
resistance and hydroplaning speeds measured by past researchers; 
• To use the validated model to analyze the effects of pavement macrotexture 
patterns and designs on the skid resistance and hydroplaning characteristics of 
asphalt and Portland cement concrete pavements; and 
• To study the relationship between the percent slip of tire and the available 
tire-pavement skid resistance on wet pavement surfaces. 
The proposed numerical model is developed using the ADINA software (ADINA, 
2010a, 2010b). The numerical model consists of three sub-models, including a tire 
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sub-model, a pavement sub-model and a fluid sub-model for analyzing 
tire-fluid-pavement interaction to study skid resistance behavior and hydroplaning 
potential. 
1.3 Organization of Thesis 
This thesis consists of six chapters. Chapter 1 describes the background and rationale 
behind the research and defines the research objectives as well as the research scope. 
Chapter 2 reviews the literature on the fundamental theories of tire-pavement 
contact problem, pavement surface measurement and representation, and past 
researches on tire-fluid-pavement interaction. The main focus is on researches dealing 
with hydroplaning speed and skid resistance of wet pavement surfaces.  
Chapter 3 is allocated to the development of a numerical simulation model for 
skid resistance incorporating tire slip. Theories and mechanism behind the proposed 
finite element model are fully explained. 
Chapter 4 focuses on analyzing the effects of pavement texturing on skid 
resistance under wet weather conditions. This chapter consists of three parts. The first 
part is the validation of the proposed model for grid-pattern grooved pavements against 
measured skid resistance data. In addition, various two-way pavement grooving design 
are analyzed in the assessment of the effectiveness of grid-pattern grooving in 
improving skid resistance. Next, a mechanistic approach is used to quantify the 
beneficial aspects of providing pavement grooves by evaluating the variation of 
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pavement skid resistance before and after the application of various grooving. The last 
part of this chapter is dedicated to evaluating the beneficial effects of pavement 
grooving under different driving conditions. 
Chapter 5 presents a mechanistic based method for computation of vehicle 
braking distance. Based on the skid resistance results derived in Chapter 4, the effects 
of pavement texturing and anti-locked braking system in the performance of vehicle 
braking distance are evaluated under different operating and wetness conditions. 
Chapter 6 summarizes the main findings achieved from the research and also 
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Chapter 2 Literature Review 
2.1 Introduction 
Numerous efforts have been made to model skid resistance analytically to better 
understand this phenomenon and to determine ways to improve road safety. There are 
generally two ways to conduct such studies: experiments and numerical simulations. 
An experimental study involves conducting experiments and deriving empirical 
equations to predict the skid resistance based on different measurable parameters such 
as water depth, vehicle speed and tire pressure. The other approach applies numerical 
methods to solve theoretically formulated models. This chapter reviews research 
developments in these two categories. 
2.2 Friction Performance of Wet Pavement 
Vehicle skidding and hydroplaning are complex phenomena as many different factors 
are involved. In this section, the major factors affecting pavement frictional 
performance (e.g. skid resistance and hydroplaning) will be described. Also included 
here are the basic theories of pavement friction and methods of measuring it. 
2.2.1 Skid Resistance 
The skid resistance of a pavement is defined as the retarding force developed at the 
tire-pavement interface when the wheel is skidding on the pavement surface (ASTM, 
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2005). It is an ability to resist sliding on the pavement surface (Noyce et al., 2005). 
Skid resistance at a given sliding speed is the maximum frictional force developed 
between the pavement and the locked tire which skids on the road surface (Thomas, 
2001). 
In almost all cases, adequate frictional force can be developed for a safe stopping 
on clean dry pavements (Rose and Gallaway, 1977). However, when water is 
introduced at the tire-pavement interface, the friction developed is drastically reduced. 
Under wet condition, accidents occur due to direct forward sliding during emergency 
stop where all wheels are locked, by skidding forward under momentum with little or 
no directional control or by sliding off curves (Haas et al., 1994). 
Wet-pavement skid resistance is influenced by pavement surface characteristics, 
pavement geometries, vehicle speed, and other parameters such as tire pressure, 
temperature and water film thickness. It can be represented as a ratio according to the 
standard definition of coefficient of friction µ : 
F
N
µ =                                                                         (2.1) 
where N is the normal force and F is the resistance to motion in the plane of interface. 
The term Skid Number (SN) comes into use as a measure of skid resistance under 
the standardized ASTM test process, ASTM Method E 274 (ASTM, 2011a). In this 
specification, all factors such as vehicle speed, tire pressure, and a water spray system 
to produce the required water depth are precisely defined. The skid number at speed V 
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=                                                                   (2.2) 
In this equation, F and N are as defined in Equation (2.1). 
The phenomenon of vehicle skidding can be grouped into three forms, namely 
locked-wheel skidding, impending skidding and sideway skidding (Wu and Nagi, 
1995). The first one occurs in the direction of travel with a non-rotating wheel while 
impending skidding means a tire is sliding on the road with its wheel still rotating. The 
third form of skidding is obtained at the point where the wheels are turning along 
curves without enough super-elevation for that speed. Among them, locked-wheel 
skidding has been identified as the worst scenario as it provides the lowest skid 
resistance than the other two. 
Various measurement methods and devices have been developed to evaluate the 
availability of skid resistance on pavement. These measuring techniques can be 
grouped into the following three groups: the locked wheel method, the slip method and 
the sideway force method. 
Locked wheel method 
The locked wheel method is probably the most common method of skid resistance 
measurement. A locked-wheel trailer usually is used in this method. It is able to 
measure the resistance force developed at tire-pavement interface. The skid number 
(SNv) given by Equation (2.2) or coefficient of friction is reported for a standard set of 





Another method to measure pavement skid resistance is the slip method. This 
method is further grouped into fixed and variable slip. The first method uses a braked 
wheel with a fixed slip. The second one performs over a range of slip ratios. The 
coefficient of friction is this method is defined as: 
( ,% ) 100 FBSN v slip
N
= ×                                                       (2.3) 
( )% 100 v rwslip
v
−
= × .                                                         (2.4) 
where v is the vehicle speed, F is the friction force, N is the vertical load on the wheel, 
r is the effective rolling radius of the test tire, and w is the angular velocity of the test 
wheel. 
Sideway Force Method 
The third method to evaluate skid resistance is the sideways friction force. During 
the test, the wheel is maintained at a certain angle (yaw angle) to the direction of travel, 
and a side friction force perpendicular to wheel plane is measured (Henry, 2000). This 
side-force coefficient (SFC) is calculated by Equation (2.5). 
( , ) 100 syaw
FSFC v
N
α = ×                                                         (2.5) 
where v is the test speed, yawα is the angle between the wheel plane and the direction 
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of motion, N is the vertical load, and Fs is the force perpendicular to the wheel plane. 
There are two types of devices commonly used in this method. One is called the 
Mu Meter and it has been designed for runway pavement, while the other is the 
Sideway-Force Coefficient Routine Investigation Device (SCRIM). 
2.2.2 Hydroplaning 
When a vehicle slides on a wet pavement, the skid number decreases with speed (see 
Figure 2.1). Under certain circumstances, there exists a critical speed at which 
sufficiently high water pressures are developed in the water film at the tire-pavement 
interface, such that the tire is completely separated from the pavement surface and 
effective control of the vehicle is lost. This phenomenon that leads to the loss of 
braking and steering is known as hydroplaning, and the corresponding speed at which 
hydroplaning occurs is called hydroplaning speed. Figure 2.2 shows the occurrence of 
tire hydroplaning. Under this condition, the total hydrodynamic lift force developed in 
the water film equals the wheel loading; or it also can be said that the average 
hydrodynamic pressure acted on the tire tread equals the average ground bearing 
pressure which is related to the tire inflation pressure (Browne, 1975). At the 
hydroplaning speed, the vehicle or the tire is entirely lifted off the road surface by the 
water film at the tire-pavement interface. The Skid Number at incipient hydroplaning is 
dramatically decreased to a low level but not equal to zero as the drag force generated 
from a water film still acts on the tire tread. 
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Generally, hydroplaning is grouped into three forms. They are dynamic 
hydroplaning, viscosity hydroplaning and reverted-rubber hydroplaning. Dynamic 
hydroplaning refers to the phenomenon described in the preceding paragraph, where 
vehicle speed is sufficiently high and allows the water film to separate the tire tread 
from the pavement surface. For viscous hydroplaning, it happens only when there is a 
layer of viscous fluid such as grease on the pavement surface. For reverted-rubber 
hydroplaning, it occurs to aircrafts with high tire inflation pressure sliding over the 
road surface covered with both melted tire rubber and water. This form of 
hydroplaning is not observed for ground automobile with tire pressure lower than 165 
kPa (Horne et al., 1969). In the present research, the proposed simulation study deals 
with dynamic hydroplaning only. 
2.2.3 Factors Influencing Wet Pavement Performance 
The magnitude of skid resistance available to a moving vehicle is dependent on the 
interaction of three different elements, namely water film on pavement surface, vehicle 
tire and pavement surface (Wallman and Astrom, 2001). Therefore, the behaviors and 
characteristics of water film, tire and pavement surface must be studied in detail in the 
analysis of skid resistance and hydroplaning. Table 2.1 summarizes the main 
parameters under each of the three factors. Detailed discussions of these three major 
factors are provided in the next few subsections. 
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2.2.3.1 Effects of Pavement Surface Characteristics 
Many factors in this group such as pavement type, mix design and highway geometric 
design have effects on tire-pavement interaction. Pavement surface texture, defined as 
"the deviations of the pavement surface from a true planner surface" (Hall et al., 2009), 
is widely recognized as an important factor that influences the skid resistance of 
pavement surface (Wambold et al., 1982). Its wavelength and amplitude are used to 
define the levels of scale for these deviations. The Permanent International Association 
of Road Congress (PIARC) has defined these levels as follows (PIARC, 1991): 
 Microtexture is defined as the amplitude of the deviations with wavelengths 
less than or equal to 0.5 mm; 
 Macrotexture is defined as the amplitude of a pavement surface with 
wavelengths from 0.5 to 50mm; and 
 Megatexture is defined as the amplitude of a pavement surface with 
wavelengths from 50 mm to 500mm. It is usually described as distress or 
defects in the road surface 
Figure 2.3 illustrates the three levels of deviations. Figure 2.4 shows how the various 
levels of a pavement surface texture affect tire-pavement behaviors such as friction, 
noise and tire wear. 
Among the three levels of surface textures, macrotexture and microtexture are 
known to have significant effects on pavement skid resistance (Henry, 2000; Wambold 
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et al., 1982). Microtexture consists of the fine-scale texture of individual aggregate 
particles exposed in pavement surface. It is predominant in controlling the skid 
resistance of a pavement surface at vehicle speed less than 50km/h (Kennedy et al., 
1990). Macrotexture is the level of roughness imparted by the deviations among 
exposed aggregates in pavement surface. Factors like the shape, size and arrangement 
of those aggregates control the macrotexture in a pavement surface (Stroup-Gardiner et 
al., 2004). Pavement macrotexture can be enhanced by man-made pavement surface 
textures such as grooves formed in pavement surfaces to enhance skid resistance. Such 
man-made textures have been a common practice in the United States and many parts 
of the world for at least twenty years (Wu and Nagi, 1995). Generally macrotexture is 
responsible for reducing the risk for hydroplaning and for increasing traction for 
vehicles at high speed (Wu and Nagi, 1995; Kennedy, 1990). Figure 2.5 illustrates the 
effects of these two textures on tire-pavement friction at different sliding speeds 
(Flintsch et al., 2003). 
Microtexture 
Microtexture refers to the fine-scale of harshness in the surfaces of individual 
aggregate particles and is mainly related to aggregate particle mineralogy (Noyce et al., 
2005). This texture governs mainly the adhesion component of friction and is essential 
for the basic, low-speed skid resistance on wet pavement (Wu and Nagi, 1995). 
Kummer and Meyer (1966) analyzed the frictional forces between the 
Chapter 2.  Literature Review 
14 
 
adhesion-producing and hysteresis-producing surfaces during tire skidding, and 
concluded that at low sliding speed, the finer surface provided a higher adhesive value 
than that of coarser surface (see Figure 2.6). The frictional forces are maintained by the 
fine irregularities on the asperities of pavement surface which provide contact between 
the tire tread and pavement by penetrating the very thin water film between the two 
surfaces. 
In a study by Colley et al. (1969), it was reported that the microtexture of asphalt 
pavements is dependent on the pavement mixture, whereas the microtexture of 
portland cement concrete pavement is essentially provided by the sand-cement mortar. 
Macrotexture 
Macrotexture, the larger irregularities in the road surface, has been recognized that 
an appropriate surface macrotexture can increase skid resistance especially at high 
traveling speeds under wet conditions (Wu and Nagi, 1995). Adequate macrotexture 
plays an important role for the quick dispersion of water layer under the tire tread and 
water accumulated on the pavement surface, thereby increases skid resistance on the 
road and reduces the risk of hydroplaning. Moreover, it develops the hysteresis 
component of tire-pavement friction that is related to energy loss as the tread deforms 
around asperities and increases friction (Ergun et al., 2005; Dewey et al., 2001; Forster, 
1989). Figure 2.6 shows that the coarser surface produces a relatively high hysteresis 
value compared with the finer surface (Kummer and Meyer, 1966). 
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Many variables can affect macrotexture on a pavement surface. In the case of 
asphalt pavements, factors such as mix design and the type and size of aggregate 
contribute significantly to macrotexture. In particular, macrotexture is influenced by 
the characteristics of the coarse aggregates in the wearing course (Dewey et al., 2001; 
Forster, 1989). As for the macrotexture on a concrete pavement, it is characterized 
mainly by surface texturing or finishing. 
Since macrotexture of an asphalt pavement surface is affected by the distribution 
of exposed aggregates on the surface, it is related to the voids between asperities of a 
pavement surface. Schulze and Beckmann (1962) showed that the sliding friction 
available on a wet-pavement surface decreased with an increase in the mean void 
width between asperities (see Figure 2.7). Similar results were also reported by Sabey 
(1968) in terms of the mean texture depth of a pavement surface. 
Bond et al. (1976) showed experimentally that the peak brake coefficient of a 
standard test tire was affected by the differences in pavement microtexture and 
macrotexture. In a study by Schulze and Beckmann (1962), an investigation has been 
conducted on the relationship between surface friction force and sliding speed. It was 
concluded that the gradient of the speed-friction curves is essentially determined by the 
large asperities or macrotexture. This conclusion is also confirmed by Flintsch et al. 
(2003) (see Figure 2.5). It can be noted that the effect of macrotexture is dominant at 
high speed because it can facilitate the discharging of accumulated water on the 




Regarding the surface texturing of concrete pavements, surface grooves can be 
formed in pavement surface to maintain appropriate macrotexture to enhance the skid 
resistance and hydroplaning performance of the pavements. According to an American 
Concrete Institute report (ACI, 1988), this practice started in England as early as 1950s. 
It is now widely used all over the world (Wu and Nagi, 1995). Generally before the 
mid 1960s, the burlap drag finishing method was predominant. After realizing the 
limitation of its short service life, deeper grooves by metal tines were preferred. 
Recently, however, with more concern on noise generated from the interaction between 
tires and pavement surface, efforts have been paid to achieve certain forms of 
macrotexture that would provide adequate skid resistance and generate less 
objectionable noise. 
Various combinations of groove depth, spacing, as well as finishing techniques 
were investigated by researchers. The Virginia Highway Department conducted an 
experiment to study the relative effectiveness of different pavement texturing patterns 
(Mahone et al., 1972). There were totally ten patterns of pavement texturing studied, 
including washed mortar, sprinkle aggregate, dimpled surface, transversely grooved, 
longitudinally grooved and two-way grooved surfaces. Among these methods, it was 
found that two-way grooving on pavements provides a relatively high skid resistance 
value compared with one-way grooving of the same dimensions. 
Chapter 2.  Literature Review 
17 
 
A plane pavement with poor macro- texture (typical for concrete pavements 
without any surface-texturing treatments) is known to provide low wet pavement skid 
resistance at high vehicle speeds, increasing the potential of skidding and hydroplaning 
occurrences. For these pavements, pavement grooving is often used as an option by 
highway agencies to improve skid resistance and to reduce hydroplaning occurrences. 
Transverse and longitudinal grooves are commonly applied on highway pavements for 
this purpose. Longitudinally grooved pavements, in particular, is often favored by 
highway agencies over transversely grooved pavement because of the ease of 
maintenance (one lane 21 needs to be closed at a time) (Highway Research Board 1972; 
ACPA 2000; Hall et al. 2009). 
The effectiveness of transverse and longitudinal grooves in providing adequate 
skid resistance on highways was studied extensively in the literature (Sugg 1969; 
Horne 1969; Martinez 1977; FHWA 1980). It is well-documented that transverse 
grooves can significantly improve skid resistance and can reduce the chance of 
hydroplaning occurrence (Sugg 1969; Hall et al. 2009). For longitudinal grooves, 
despite its reported wet-weather accident reduction effectiveness, past experimental 
studies did not record any significant increase in the measured skid resistance of 
longitudinally grooved pavements (Martinez 1977; FHWA 1980). Ong and Fwa (2007a) 
made use of a finite element skid resistance model to explain the observed differences 
in skid numbers between longitudinal and transverse pavement grooving. The authors 
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found that even though the application of longitudinal pavement grooves result in a 
marginal improvement in skid resistance, the longitudinal grooves provide additional 
directional control during skidding and has the potential to reduce accidents from 
vehicle swerve. 
Past research efforts tend to focus on quantifying the benefits of pavement 
grooving in terms of skid resistance level (Horne 1969; Ong and Fwa 2007a; Hall et al. 
2009) and there is still a lack of studies to relate the benefit in skid resistance 
improvement through the provision of pavement grooving to actual braking distance 
improvement experienced by an automobile. Knowledge on the braking distance 
improvement through the provision of pavement grooves is essential to the driver, and 
to the highway and pavement engineers. The braking distance for a vehicle when 
travelling on the pavement surface provides an indication on the safe stopping distance. 
This piece of information provides the basis for highways and street geometric design 
(ASSHTO 2004) and determines the minimum friction level to be set within a 
pavement friction management system (Ong and Fwa 2010). 
Researches using numerical models to investigate the interaction between tire and 
grooved pavement have also been conducted recently. The three-dimensional 
simulation model proposed by Ong and Fwa (2007b) found that in terms of the ability 
to raise hydroplaning speeds and skid resistance, transverse grooving consistently 
produces much better results than longitudinal grooving. They confirmed the findings 
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of experimental studies by earlier researchers that, for longitudinal grooving with 
dimensions within practical ranges, only marginal improvements occur in both 
hydroplaning speed and skid resistance values in the longitudinal direction. 
Extending the numverical simulation research by Ong and Fwa (2007b), Anupam 
et al. (2008) investigated the hydroplaning characteristics of grid-textured pavement 
surfaces using three-dimensional finite element simulation models. Compared with the 
hydroplaning speeds on one-dimensionally grooved pavement surfaces, it was noted 
that adding longitudinal grooves to a transversely grooved pavement surface raised the 
hydroplaning speed only marginally (Anupam et al., 2008). 
2.2.3.2 Effects of Vehicle and Tire Properties 
The second element that is important in the tire-water-pavement system is vehicle and 
tire properties. There are a number of vehicle tire factors known to affect tire's 
potential to hydroplane and its wet skid resistance performance. These include tire size, 
tire type, tread design and inflation pressure. These will be discussed in the 
subsections. 
Effects of Tire Type 
With regard to the types of tire construction, there are three basic mechanical 
construction types used, including the bias ply, the belted bias ply, and the radial ply 
(Lamm et al., 1999). It has been reported by Browne (1975) that if all aspects except 
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the construction types of tires are identical, very little difference is noted in the wet 
traction capability, especially when the vehicle is braking. Later, Speyer and Kelley 
(1977) confirmed this conclusion using experimental data. It is noted that there is no 
significant difference among the tires with these three construction types in peak or 
slide wet braking traction on both high and low skid resistance pavement surfaces. 
Effects of Tread Pattern 
It is generally agreed by researchers and practitioners that tire tread is an important 
factor affecting tire-pavement interaction (Wu and Nagi, 1995). Under dry condition or 
adequate skid resistance on pavement surface, the effects of tread patterns are 
considered as secondary. However, on wet pavement surfaces, their roles can be 
critical. It was found that the skid resistance of a tire sliding on a slippery pavement 
increased with the numbers of grooves or ribs in the tire (Marick, 1959). 
Tire grooves can be categorized into two types: longitudinal and transverse 
grooves. There are two main functions of tire grooves in terms of improving wet skid 
resistance performance. They displace the bulk water through and/or out of the 
tire-pavement contact region (Browne, 1975). Moreover, they play the role as low 
pressure reservoirs into which any thin water layers trapped between the two contact 
surfaces can flow (Browne, 1975). 
The effects of groove patterns of tire tread have also been studied. Fwa et al. 
(2009) employed a three-dimensional simulation model to characterize quantitatively 
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the influence of different tire-tread patterns and their dimensions on the hydroplaning 
behavior of passenger cars. Six different groove patterns were investigated, including a 




groove pattern, a 
combined longitudinal and edge transverse groove pattern, and a combined 
longitudinal and V-20
。
groove pattern. It was found that hydroplaning speed increased 
with groove depth of the tire tread and decreased as the pavement surface water-film 
depth increased. Moreover, the increasing rate of hydroplaning speed per unit increase 
of tread depth did not improve much among those designs. 
Effects of Tire Inflation Pressure 
A pneumatic tire with inflation pressure affects significantly tire-pavement friction 
especially at high speeds (Hall et al., 2009). Tire inflation pressure mainly influences 
the tire deformation which, in turn, influences its probability to hydroplane and its 
traction performance (Browne, 1975). Under-inflated tires allow the center of the tire 
tread to collapse and deform to a concave shape. This results in a reduction of contact 
pressure. Water can be trapped on the pavement surface and hydroplaning risk is 
increased. Over-inflated tire may cause a small loss of pavement friction due to the loss 
of contact areas (Henry, 1983; Kulakowski et at., 1990). This effect can reduce water 
trapping and yield higher pressure. As a result, water is forced to displace from the two 
contact surfaces and a higher hydroplaning speed can be obtained. 
Recently, the effects of tire inflation pressure have been studied numerically using 
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a finite element simulation model by Ong and Fwa (2007b). For hydroplaning analysis, 
it was found that: 
• Generally, with other parameters fixed, the hydroplaning speed increased with 
increasing tire inflation pressure; 
• With tire inflation pressure increases from 100 kPa to 250 kPa, a 6 km/h 
increase in the hydroplaning speed is gained with the wheel loading increasing 
from 2400 N to 5280 N 
Moreover, there analyses showed that skid resistance on wet-pavement surface 
increases marginally as tire inflation pressure becomes larger. 
2.2.3.3 Effects of Environmental Factors 
Studies have shown that environmental factors such as the seasonal temperature and 
precipitation variations are responsible for the variation in measured skid resistance. 
Among them, the presence of water on road surface is a common and major factor 
influencing tire-pavement friction. Two main variables, the density-inertia of the water 
layer and the depth of water films, are discussed in this section. 
One of the basic properties of water that affects the hydroplaning potential and 
wet pavement traction force on a pavement is the density-inertia of a thick water film. 
When a tire moves through a layer of water, it changes the momentum of the water 
which develops a reaction force on the tire tread surface. Browne (1975) explained this 
effect using Bernoulli's equation: 
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20.5p V≅                                                                      (2.6) 
where V is the vehicle velocity in m/s and p is the reaction pressure in kPa. It is noted 
that at a speed of as low as 22.3 m/s, the water will generate a pressure of 249 kPa 
which can result in buckling of tire surface inwards and upwards from the road surface, 
and allowing the water wedge into the tire-pavement interface (Browne, 1975). 
Water film thickness is also a very important factor in determining the available 
skid resistance on a pavement and the risk of hydroplaning of a tire. Even a very thin 
layer of water can reduce pavement skid resistance. A test conducted by Harwood 
(1987) showed that as little as 0.05 mm of water film can reduce the coefficient of 
friction by 20 to 30 percent of the dry coefficient of friction. Generally the thicker the 
water film, the greater will be the hydrodynamic force acting on the tire tread, and 
greater will be the probability that the drainage capacity of the pavement macrotexture 
will be exceeded (Browne, 1975). This effect is reported as secondary at speeds less 
than 32 km/h, but becomes quite pronounced when the speeds are higher than 64 km/h 
(Hall et al., 2009). Henry (2000) showed experimentally that the coefficient of friction 
on wet pavement surface decreased exponentially as the water depth increased. 
However, as shown in Figure 2.8, the rate of decreases was dependent on the condition 
of tires used. 
The effect of water film thickness on hydroplaning speed and skid resistance was 
analyzed using finite element simulation model by Ong and Fwa (2007b). It was found 
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that the hydroplaning speed, with all other conditions remaining constant, decreased 
with increasing water film thickness due to a higher uplift force produced by a thicker 
water depth. It was noted that an increase of water depth from 0.1 mm to 10 mm could 
result in a decrease of 15 km/h in hydroplaning speed. Considering the results of skid 
resistance analysis, it was reported by Ong and Fwa (2007b) that wet-pavement skid 
resistance decreased with increasing water film thickness and tended to level off for 
water film thickness of more than 6 mm. 
2.3 Prediction of Pavement Skid Resistance and Hydroplaning Speed 
The skid resistance developed between tire and pavement is a complicated 
elastomer-rigid contact problem (Wu and Nagi, 1995; Moore, 1969). Numerous 
researches have been conducted to provide insights into the phenomenon of 
hydroplaning and the mechanism of a tire sliding on a wet pavement. The research 
efforts include experimental investigation and theoretical research such as 
computer-based simulation. This section reviews the development of numerical models 
for hydroplaning and skid resistance simulation. 
2.3.1 Mechanism of Tire-Fluid-Pavement Interaction 
When a tire is locked and slides on a road surface without the presence of water, the 
friction generated from this elastomer-rigid surface interaction is considered to consist 
of three components: adhesion, hysteresis and abrasion (Veith, 1986). Figure 2.9 
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depicts the first two components (Moore, 1966). The first term "adhesion", in 
mechanical theory, is generally defined as an attraction generated from the contacted 
atoms at the external of two surfaces that move against each other. The phenomenon of 
this bonding braking always accompanies energy loss. It is believed that adhesion loss 
in controlled by microtexture (Priyantha and Gary, 1995; Wu and Nagi, 1995). 
The hysteresis component of friction results from tire rubber deformation when a 
tire slides over a pavement surface and conforms to those asperities on the pavement 
surface. Hysteresis occurs in a body subjected to cyclic stress variation and results in 
internal energy loss. It is generally agreed that the macrotexture on pavement surface 
predominantly controls the magnitude of hysteresis friction (Priyantha and Gary, 1995; 
Holla and Yandell, 1976). The adhesion friction usually decreases with speed, whereas 
the hysteresis component of friction tends to gain at high speeds (Moore, 1969), as 
indicated in Figure 2.10. 
Wear caused by abrasion was classified as one of the components of friction by 
Veith (Veith, 1986). It is defined as the loss of material from the contact surfaces 
during sliding (Veith, 1986). Past investigations showed that tread wear is dependent of 
microtexture (Wu and Nagi, 1995). 
When water exists on a pavement surface, all three terms mentioned above are 
affected. A fundamental theory for tire-water-pavement interaction is the lubrication 
theory developed based on Reynolds’ hydrodynamic theory of lubrication (Reynolds, 
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1886). This theory builds a relationship between the geometry of surfaces, the relative 
sliding speed, the parameter of the fluid and the magnitude of the normal load. 
To understand the phenomenon of a locked tire sliding over a wet pavement, 
Moore (1966) applied a conceptual model of three-zone theory as described below (see 
Figure 2.11). 
Zone 1 (S1): Pressurized Drainage of Water Layer 
During the skidding process when a film of water is present on the pavement 
surface, hydrodynamic lubrication is introduced and leads to the formation of a wedge 
of water that penetrates into the front of tire-pavement interface. In this zone, both the 
macrotexture and the design of tire tread play an important role as the drainage channel. 
The friction developed is strongly related to the viscosity and velocity gradient in the 
water film. Under an extreme situation, hydroplaning occurs when the uplift force 
generated on the tread equals the wheel loading (Browne, 1975). 
Zone 2 (S2): Combined Zone 
In this zone, pavement asperities partially penetrate the water layer and are in 
contact with the tire wall. Some uplift pressure exists in this area, but is not as 
significant as that in Zone 1. Generally, microtexture on the surfaces of asperities plays 
a controlling role in this zone. 
Zone 3 (S3): Actual Contact Zone 
In this region, an intimate contact between the tire and pavement exists. The 
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coefficient of friction depends on the properties of the sliding surfaces. 
2.3.2 Empirical Models 
2.3.2.1 Empirical Prediction Models For Hydroplaning 
Study by Agrawal and Henry (1977) 
Agrawal and Henry (1977) performed experiments on fully locked wheel sliding 
on pavement with water film thickness less than 2.4 mm. The derived equation for 
hydroplaning speed is as follow: 
0.533.7 5.28( )p wV t
−= +                                                          (2.7) 
where Vp is the hydroplaning speed in mph and tw is the water film thickness in inch. 
Study by Huebner et al. (1986) 
Based on empirical hydroplaning model proposed by previous researches, 
Huebner et al. (1986) developed a modified prediction model for hydroplaning speed: 
0.25926.04( )p wV t
−=                                                              (2.8) 
The models in Eq. (2.7) and Eq. (2.8) predict the hydroplaning speed based on water 
film thickness only. It is noted that these models are empirical in nature and are 
applicable to the conditions represented by the experiments from which they were 
derived (Anderson et al., 1998). 
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NASA hydroplaning equation 
Horne and Dreher (1963) pointed out that tire inflation pressure may be the most 
important parameter that determines the hydroplaning speed. Research at the Langley 
Center produced the well known NASA hydroplaning equation: 
6.36p tV p=                                                                (2.9) 
where Pt is the tire inflation pressure in kPa and Vp is the hydroplaning speed in km/h. 
The hydroplaning speeds obtained are valid for smooth tires without escape paths for 
water and for rib tires on wet pavement surface where the water depth is thicker than 
tire tread depths. 
2.3.2.2 Empirical Prediction Models For Skid Resistance 
Study by Rose and Gallaway (1977) 
Based on a series of full-scale experiment examining the relationship between skid 
resistance and various factors such as water depth, pavement surface textures, vehicle 
travel speed, tire pressure, as well as tire type, Rose and Gallaway (1977) developed a 
set of equations relating these variables to skid number for different tire type/pressure 
combinations by multiple regression analyses. The equation for passenger car tire with 











+                                          (2.10) 
where SNv = skid number at corresponding speed; mph = vehicle speed; TD = tread 
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depth in inches; TXD = average surface texture depth in inches, and WD = water depth 
above top of texture in inches. Being an empirical model, it is also restricted in its 
applicability by the range of parameter values and types of pavement tested. 
Study by Gallaway et al. (1979) 
In a later research by Gallaway et al. (1979), the skid resistance data subjected to 
standard ASTM 274 test procedure (ASTM. 2006) on 17 pavement sections were 
statistically analyzed using two-step select regression technique. The models are 
developed based on the direction of pavement surface texture. First, for Plain Portland 









= × + × +
+                                     (2.11) 
where SNv = calculated skid number; V = vehicle speed in mph; TD = skid tire tread 
depth in 32nds inch, and TXD = pavement texture depth in inches based on putty 










= × + × +
+                                    (2.12) 
where all variables are as defined in Equation (2.11). It is noted that these equations are 
again empirically derived using statistical regression analysis. It experiences the same 
limitations as the earlier models. 
The Pennsylvania Institute Study 
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In an attempt to better examine the effect of pavement texture on skid resistance, 
the Pennsylvania Institute developed a linear regression equations based on 22 
highway sites (Wambold et al., 1982). Two types of test tires were used in the analysis. 
The equation for the smooth tire is: 
SNB = 16.87+0.54BPN+0.50MTD                                     (2.13) 
where SNB = SN65 determined with the smooth tire; BPN is the result from British 
Pendulum skid test; MTD is the mean texture. In this model, a constant linear 
coefficient is used to describe the SN-MTD relationship. One of its limitations is that it 
cannot be used for grooved pavements. Later, Leu and Henry (1983) introduced the 
Penn State Model (see Equation (2.13)) with the percent normalized gradient (PNG) to 





−=                                                            (2.14) 
where SNv = the skid number at vehicle speed ν; SN0 = a fictitious skid number at zero 
vehicle speed; PNG = the percentage normalized gradient of the SN versus ν curve; 
and MTD = the mean texture depth in mm. This model shows that PNG does not vary 
significantly with speed on a given surface and is dependent of pavement macrotexture. 
The values of SN0 and PNG are derived from separate regression analysis from 
microtexture and macrotexture in the following forms, 
SN0 = a1 +a2BPN                                                       (2.15a) 
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PNG = a3MTDa4                                                  (2.15b) 
where a1, a2, a3, and a4 are regression coefficients. One of the applications of this 
model is shown in Equations (2.16a) and (2.16b) derived by Meyer (1991) developed 
from experimental data. 
( )0 1.32 34.9SN BPN= −                                                      (2.16a) 
( ) 0.470.45PNG MTD −=                                                (2.16b) 
Wambold et al.(1995) developed a different model for friction that replaces PNG/100 
by the speed constant (Sp), as below: 
( )60(60) pS SFR FRS e −= ×                                                           (2.17) 
where FRS = friction measured at a speed S km/h and FR(60) = predicted values of 
friction corresponding to the speed of 60 km/h. Sp is defined as a constant with unit of 
speed that characterizes the drainage properties of a pavement surface related to its 
macrotexture (Fuentes et al., 2010). In a model recently developed by ENSCO (Larson 





− −=                                                        (2.18a) 
B MTDPNG Ae− ∗=                                                    (2.18b) 
where SN40 = skid number at the speed of 40 m/h, A,B = regression coefficients. 
Figure 2.12 shows examples of PNG prediction based on Eq. (2.18b). PNG of this 
model describes the rate of decrease of skid resistance as the vehicle speed increases. It 
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is mainly affected by pavement macrotexture that depends on the arrangement and 
orientation of aggregates. 
Study by Meegoda et al. (2010) 
Meegoda et al. (2010) recently developed a regression model that relates the SN of 
asphalt pavement at the speed of 40mph (SN40) to pavement mean profile depth 
(MPD). The data analyzed in this study were collected from five new asphalt 
pavements. The study provides a correlation between MTD and MPD as follows: 
0.7796 0.379MTD MPD= −                                                     (2.19) 
The overall correlation between the SN40 and MPD is shown in Figure 2.13. It is noted 
that no positive linear relationship between SN40 and MPD values was found and the 
data with MPD from 0.7mm to 0.9 mm scatter widely. To overcome this problem, the 
authors split the database into 3 sections according to the MPD values as shown in 
Figure 2.14. The corresponding regression models are given below: 
2
40 202.64 306.66 61.508SN MPD MPD= − + − ( 0.21 )MTD mm<                         (2.20a) 
2
40 841.47 1343.4 481.46SN MPD MPD= − + − (0.21 0.32 )mm MTD mm≤ ≤              (2.20b) 
2
40 7.1616 18.914 76.973SN MPD MPD= − + − + (0.32 0.52 )mm MTD mm< <            (2.20c) 
It is observed that SN decreases as texture depth increases. This is in contradiction to 
the common findings from other investigation (Gallaway et al. 1979). Moreover, the 
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correlation between the texture and SN is not strong enough. Another disadvantage of 
this study is that it only considered one traveling speed. 
2.3.3 Numerical Modeling 
2.3.3.1 numerical model for hydroplaning 
Numerical hydroplaning models have been developed by researchers since the 1960s. 
Due to the complexity of solving theoretical mathematical models, numerical 
techniques have been adopted by researchers to solve the problem. The use of 
numerical modeling helps to overcome the disadvantages of experimental and 
empirical approaches which cannot explain the mechanism involved in hydroplaning. 
In the 1960s, analytical models were developed by Martin (1966), Eshel (1967) 
and Tsakonas et al. (1968). There are many weaknesses in their models. For instance, 
two-dimensional representation of the tire-fluid-pavement system was adopted in their 
models and the effects of side flow were ignored. It is also noted that the laminar flow 
theory rather than the actual turbulence flow was assumed in the models, while 
Schlichting (1960) has proved that it should be turbulence flow. 
Later, with the development of computer simulation techniques, researchers such 
as Zmindak and Grajciar (1997) and Browne (1971) applied computational fluid 
dynamics in the study of hydroplaning. However, there was still a poor fit to the 
experimentally derived NASA hydroplaning equation because the presence of 
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turbulence flow and tire deformation were not  in the analysis (Ong and Fwa, 2007a). 
Ong and Fwa (2006) proposed a three-dimensional finite-element model of 
tire-fluid-pavement interaction to simulate the hydroplaning phenomenon of a locked 
wheel on plain pavements. The CFD (Computational Fluid Dynamic) software 
FLUENT (Fluent Inc., 2005) was used in this study. This software utilizes the finite 
volume method in solving mathematical equations. Figure 2.15 shows the flowchart of 
this solution method. In this simulation, tire footprint is represented based on the 
profiles experimentally captured by Horne and Joyner (1965). Figure 2.16 shows the 
mesh design and the corresponding boundary conditions. It demonstrated that this 
model was suitable for hydroplaning analysis. The results from the model closely 
matched the hydroplaning speeds predicted by the experimentally derived NASA 
hydroplaning equation. 
A further simulation was modeled by Ong and Fwa (2007b) for analyzing the 
relative effectiveness of transversely and longitudinally grooved pavement surfaces in 
terms of their ability to reduce the risk of hydroplaning, based on the same modeling 
concept mentioned in the preceding paragraph. The results confirmed experimental 
findings and were able to provide reasonable explanation to the phenomenon observed 
in the field. 
Pavement grooves and tire tread have been widely used in practice to increase 
skid resistance of pavement surface and reduce potential hydroplaning potential. 
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However, theoretical solutions for these mechanism are lacking. Fwa et al. (2010) 
developed a theoretically derived simulation model to investigate the relative 
effectiveness of pavement grooving and tire grooving in reducing vehicle hydroplaning 
risk (Fwa et al., 2010). Three basic grooving configurations were considered for the 
tire and pavement surface respectively: ungrooved, longitudinal grooving and 
transverse grooving. The results showed that transverse grooving was more effective 
than longitudinal grooves in reducing vehicle hydroplaning risk. Moreover, they 
concluded that pavement grooving performed better than tire tread grooving in 
reducing the occurrence of hydroplaning. 
2.3.3.2 Numerical Modeling of Skid Resistance 
The model developed by Ong and Fwa (2006) described in the preceding section 
cannot be used for skid resistance analysis because it does not simulate the speed 
dependent interaction between the tire and pavement surface. The interaction of tire, 
water and pavement surface is a complex process. Various research investigations have 
been made in attempts to predict pavement skid resistance based on either empirical or 
numerical techniques. However, experimental studies and empirical models are unable 
to provide insights into the mechanism involved in skid resistance. 
The finite element method is a numerical simulation method that has been used to 
analyze tire-pavement interaction. In the early development, NONSAP (Bathe and 
Wilson, 1973), ADINA (Bathe, 1976) and AGGIE (Haisler, 1977) were applied to 
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simulate three-dimensional elements, loading of non-conservative forces and realistic 
constitutive laws for rubber properties. However, none of these early models possessed 
adequate functions to model tire behavior realistically. Recent development in 
computer software such as ABAQUS (ABAQUS Inc., 2003) and ADINA (ADINA 
R&D Inc., 2010a and 2010b) provide much improved capability and have been 
adopted in tire analysis. For instance, an ADINA-based numerical simulation model 
for analyzing the wet skid resistance properties of a locked tire have been successfully 
solved by the research group at the National University of Singapore (NUS) (Fwa et al., 
2010; Ong and Fwa, 2007a~c). 
The main components of the NUS model (Ong and Fwa, 2008) are namely the tire, 
pavement surface and the fluid model. The model had been validated with 
experimentally measured data and produced hydroplaning speeds close to the NASA 
hydroplaning equation. It was found that skid resistance decreased as the sliding speed 
or the water film thickness increased, but increased with wheel load and was affected 
marginally by tire inflation pressure. The study investigated many variables that 
influence skid resistance and hydroplaning speeds, such as tire load, water film 
thickness, and grooves in pavement. However, the effect of two-way grooves of 
pavements on skid resistance has not been considered. 
2.4 Specifications for Braking and Stopping Distance 
The provision of adequate braking distance and directional stability is an important 
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element in pavement engineering. Stopping sight distance has been commonly 
specified in road geometric design as a road safety requirement. This parameter is 
defined as the minimum length that must be provided to enable a traveling vehicle stop 
without reaching an object in it path (AASHTO, 2011). There are two components in 
stopping distance, namely brake reaction distance and braking distance. Brake reaction 
distance is the distance traveled from the instant that the driver recognizes an object 
until the instant that the driver applies the brakes, and braking distance is the length 
that braking action requires to complete stop a vehicle. Braking distance is a function 
of pavement skid resistance. Providing sufficient skid resistance is a key of meeting 
braking distance requirements. The following lists a few methods that have been 
employed in determining braking distances. 
AASHTO Specifications 
In the latest version of AASHTO stopping distance specifications (AASHTO, 
2011), brake reaction distance is calculated using the following equations: 
Stopping distance = 0.695v + 0.039*v2/(a+Gg)                              (2.21a) 
Braking distance = 0.039*v2/(a+Gg)                                   (2.21b) 
where v is the vehicle speed in km/h, a is the deceleration rate in m/s2, G is the grade of 
the highway and g is the acceleration due to gravity. 
EU and UK Specifications 
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Both EU and UK standards (UNECE, 2002; HADMRB, 2009) do not specify 
detailed braking distance model. Instead, Table 2.2 is provide a table to determine 
stopping distance for design. 
Australia and New Zealand Specifications 
According to Australia specification (2002), stopping distance is equal to the sum 
of brake reaction distance during a reaction time of 1.5 second and braking distance. 
The following formulas are given: 
Stopping distance = 0.42v + 0.039*v2/μg                                     (2.22a) 
Braking distance = 0.039*v2/ μg                                      (2.22b) 
where v is the vehicle speed in km/h; and µ is the friction coefficient at different speeds. 
Similar to the approach adopted by Australia, New Zealand also defines the 
requirement of stopping distance. The only difference between these two specifications 
is the assumed reaction time. New Zealand specifies a reaction time of 2 or 2.5 
seconds. 
Skid Resistance and Braking Distance 
It is known that the availability of tire-pavement skid resistance is a key factor in 
the attainment of a safe braking distance. However, this aspect has not been addressed 
well in the current practices. As a whole, there is a lack of linkage between braking 
distance requirement and pavement friction management for enhancing a safe driving 
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condition for the drivers. 
2.5 Summary 
This chapter introduces the definition of skid resistance and hydroplaning. It is noted 
that the wet-friction characteristics of a pavement surface are affected by mainly three 
groups of factors: tire-related, pavement-condition-related and water-property-related 
factors. The understanding of the effects of these factors can provide a good insight of 
the process of skid resistance development and the occurrence of hydroplaning. An 
introduction of the contact mechanism of tire-pavement interaction is provided, and the 
traditional explanations of friction developed at tire-pavement interaction for dry and 
wet cases are offered using the adhesion, hysteresis and wear concepts. 
Pavement texture is known to be one of the most important contributors to 
maintain adequate tire-pavement skid resistance. Skid resistance is affected by two 
types of pavement texture, namely microtexture and macrotexture. Pavement 
microtexture on a pavement surface governs mainly the adhesion component of 
friction and dominates the wet skid resistance at a low sliding speed. Pavement 
macrotexture controls the trend of skid-resistance against speed at a higher speed. The 
main function of macrotexture is to serve as the flow channels to efficiently displace 
the water trapped between the tire and pavement surface. To maintain adequate texture 
on pavement surfaces, appropriate pavement surface treatments can be applied. 
Both hydroplaning modeling and skid resistance modeling using finite element 
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techniques has been discussed. The models of past studies prior to the work at NUS 
suffer from unrealistic modeling of hydroplaning development and incomplete 
mechanistic simulation model in skid resistance analysis. A much improved numerical 
simulation model based on the theories of solid mechanics and hydrodynamics was 
developed by researchers at NUS. These models analyzed the phenomenon of 
hydroplaning and skid resistance on pavements with and without grooving. Results 
from these models were validated with experimental data and NASA hydroplaning 
equation. 
2.6 Research Needs 
The literature review conducted covered the basics, theories and mechanism of 
pavement skid resistance and hydroplaning potential, and related research. Past 
experimental studies have provided useful information on tire-fluid-pavement 
interaction and identified factors affecting pavement skid resistance and hydroplaning. 
However, to further understand the underlying mechanisms, it is necessary to analyze 
tire-fluid-pavement interaction utilizing mechanistic model. To fulfill this it is required 
to quantitatively evaluate the specific impacts of various factors affecting pavement 
skid resistance and hydroplaning. Past researchers have found that pavement skid 
resistance measured using locked-wheel does not denote the true frictional 
performance of pavement under vehicle maneuvering and rolling-wheel conditions. 
This research therefore incorporates tire slip in simulation and anti-brake system into 
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the numerical rolling-tire simulation model of skid resistance and hydroplaning. 
Besides, as a first attempt to analyze the effect of pavement texture, a simulation model 
is developed to study the skid resistance and hydroplaning performance of pavement 
surfaces with two-directional texture. 
2.7 Scope of Research 
The current research places emphasis on frictional performance of textured pavement 
surface. The research is dedicated to developing a finite element model for numerical 
simulation of pavement skid resistance and hydroplaning with the following scope of 
the research: 
1. To analyze tire-fluid-pavement interaction for textured pavement with various 
pavement texture designs and rolling tires with slip; 
2. Assessment of skid resistance for rolling tire with slip; 
3. Assessment of skid resistance and hydroplaning speeds on one-way and 
two-way grooved pavements; 
4. Evaluation of impacts of anti-braking system on pavement frictional 
performance. 
The thesis aims to evaluate effects of pavement texturing and rolling tire 
controlled by ABS on skid resistance under different operational conditions. The 
predicted results based on the proposed finite element model are able to provide more 
information on availability of pavement skid resistance. Also, the research relates 
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braking distance requirements with pavement friction management to ensure a safe 
driving condition on the road. 
 
  




TABLE 2.1 Factors affecting pavement frictional performance 
(Henry, 2000) 
Pavement surface factor Vehicle factor Environmental factor 
Microtexture Inflation pressure Water 
Macrotexture Rubber properties Ice 
Pavement materials Wheel load Seasonal factor 
 Vehicle operation  
 Tire size and materials  
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FIGURE 2.4 Influence of pavement texture wavelength on tire-pavement interactions 
(Henry, 2000; Sandburg and Ejsmont, 2002) 
 
  





FIGURE 2.5 Effects of micro-and macrotexture on tire-pavement friction at different 
velocities 
(Flintsch et al., 2003) 
 
  





FIGURE 2.6 Frictional forces of (a) adhesion-producing surface; (b) 
Hysteresis-producing surface 
(Kummer and Mayer, 1966) 
 
  





FIGURE 2.7 Mean void widths of surfaces relating frictional coefficient and speed 
(Schulze and Beckmann, 1962) 
 
  























FIGURE 2.10 Generalized representation of the frictional coefficient between a steel 
sphere and rubber as a function of sliding speed 
(Highway Research Board, 1972) 
 
  














FIGURE 2.12 Prediction of PNG from MTD 




FIGURE 2.13 Correlation between SN40 and MPD 
(Meegoda et al., 2010) 
 
  





FIGURE 2.14 Regression models at different levels of MPD values 
(Meegoda et al., 2010) 
 
  





FIGURE 2.15 Overview of the solution method 
(FLUENT Inc., 2005) 
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Chapter 3 Description of Simulation Model for Skid 
Resistance of Rolling Tires with Slip 
3.1 Introduction 
Pavement skid resistance research has shown that pavement surface characteristics are 
a major contributor influencing the wet frictional performance of a pavement (Wu and 
Nagi, 1995). To understand the underlying mechanism, it is necessary to analyze 
tire-fluid-pavement interaction by means of theories of mechanics and hydrodynamics. 
The effect of two-way grooved pavement on hydroplaning has been conducted 
using FLUENT software earlier by Anupam et al. (2008). This model only predicted 
the hydroplaning speeds because the FLUENT software only considers tire-to-fluid 
and fluid-to-pavement interactions. Without modeling dynamic tire-to-pavement 
interaction, the development of hydrodynamic forces on the tire tread during the 
skidding process cannot be simulated. Further research is needed to develop more 
elaborate numerical models to determine skid resistance characteristics of pavements. 
This chapter describes the theoretical formulation and development of a finite 
element simulation model for the study of skid resistance and hydroplaning for 
two-way pavement grooving and rolling tire with slip. Today with advancement in 
computational technology and the development of numerical skid resistance simulation 
models in the recent decade, it is now possible to explore the problem on simulating 
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wet pavement skid resistance for wheels with slip. The concept of simulation modeling 
is based on the earlier research conducted at NUS (Fwa and Ong, 2008; Ong and Fwa, 
2007a, 2007b, 2007c). The NUS team has successfully applied the model to predict 
skid resistance as well as hydroplaning speed for a locked wheel condition. Figure 3.1 
depicts the three-dimensional model used in the previous studies at NUS. This model 
utilized a moving locked-wheel frame of reference. The problem was modeled as a 
water film with a certain thickness and a pavement surface, both moving toward the 
wheel. The problem was analyzed as a steady-state problem. Figure 3.2 identified the 
parameters involved in the three sub-models of the analysis, namely the tire sub-model, 
pavement sub-model and fluid sub-model. 
3.2 Fluid Flow Model 
The fluid sub-model is developed using 4-node tetrahedral elements. This type of 
element is feasible for three-dimensional flow of high or low Reynolds and Peclet 
numbers. To control the mesh quality as well as incorporate the deformation of solid 
model into the fluid model, the Arbitrary-Lagrangian-Eulerian (ALE) formulation is 
used. 
3.2.1 Fundamental Laws of Fluid Flow 
The fundamental theories of fluid dynamics are defined by the conservation laws of 
physics, as characterized by the following relationships: 
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1. The mass of a fluid is conserved. 
2. The rate of change of momentum equals to the sum of the forces on a fluid 
particle (momentum conservation). 
3. The rate of change of energy is equal to the sum of the rate of heat addition to 
and the rate of work done on a fluid particle (energy conservation). 
Based on the first law mentioned above, the governing equation is defined in 
Equation (3.1) in a Cartesian coordinate frame of reference, we have 
( ) ( ) ( ) 0u v w
t x y z
ρ ρ ρρ ∂ ∂ ∂∂
+ + + =
∂ ∂ ∂ ∂
                                             (3.1) 
where ρ , u, v, w and t are the density, x-velocity, y-velocity, z-velocity and time. 
Or in compacted vector notation, 
( ) 0
t
ρ ρ∂ +∇• =
∂
u                                                              (3.2) 
The above equation can be derived by considering the infinitesimally small control 
volume fixed in space. Alternatively, the continuity equation can be expressed in its 





ρ ρ∂ + • =
∂ ∫∫∫ ∫∫ u S                                                     (3.3) 
The notation S represents the control surface and V is defined as a finite control 
volume fixed in space.  
The non-conservation form of momentum equations are listed below. The forces 
considered include body forces f and the surface forces including of an infinitesimally 
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                                 (3.4c) 
These are the Navier-Stokes Equations (Versteeg and Malalasekera, 1995). 
Incorporating the viscous effects for Newton flow into three equations mentioned 
above, the following equations can be derived: 
( ) ( ) ( ) Mx





+∇• = − +∇• ∇ +
∂ ∂
u                                     (3.5a) 
( ) ( ) ( ) My





+∇• = − +∇• ∇ +
∂ ∂
u                              (3.5b) 
( ) ( ) ( ) Mz





+∇• = − +∇• ∇ +
∂ ∂
u                             (3.5c) 
The notation η  represents the first or dynamic viscosity that relates stresses to linear 
deformations, and λ  is the second viscosity that relates to volumetric deformations. 
The notation SMx, SMy and SMz representing the source terms in the x, y and z direction 
respectively. It is noted that the Navier-Stokes equations given above are non-linear, 
second order partial differential equations. Thus, the use of numerical methods is 
needed to solve Equations (3.2) and (3.5). These equations are referred to as the 
complete set of Navier-Stokes equations in computational fluid dynamics (CFD). The 
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Navier-Stokes equations are able to apply to both laminar and turbulent fluid flows. 
Mostly, the flow during hydroplaning is considered as turbulent flow (Schlichting, 
1960; Wallace, 1964). 
3.2.2 Fluid-Flow Modeling 
In this research the finite element software package ADINA is employed to analyze the 
complete tire-fluid-pavement interaction. The software employs one single program for 
solving a full coupled fluid-structure interaction. Three parts of the software are 
utilized in this study, including ADINA Structure for tire-pavement modeling, 
ADINA-F for fluid domain, and ADINA FSI for tire-fluid-pavement interaction. In 
ADINA-F (ADINA Inc., 2010b), the Arbitrary-Lagrangian-Eulerian (ALE) 
formulation is used in the analysis of fluid-structure interaction because the structural 
model in ADINA Structure is based on a Lagrangian coordinate system whereas the 
fluid model is analyzed using a Eulerian coordinate system therefore the fluid model 
must be based on an ALE coordinate system regarding the deformation of 
fluid-structure interface. In the general ALE coordinate system, the governing 
equations can be expressed in a general form in an arbitrary volume V bounded by 
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v f
U G v R f                                     (3.7) 
where τ is the stress tensor, e is the strain tensor, v is the velocity vector, w is the 
moving mesh velocity, p is the fluid pressure, ρ is the density, E is the specific energy, 
e is the internal energy, θ is the effective viscosity, Bf is the specific rate of heat 
generation, ϕ represents any other variables governed by convective-diffusive 
equations with dϕ and Sϕ being its diffusion coefficient and source term respectively, 
and ψ represents any other variables governed by the Laplace equations, with dψ
being its diffusion coefficient. The variables that ϕ represents are the turbulence 
kinetic energy K and the turbulence dissipation rate ε for the K ε− model. The 
variables represented by ψ are the increments of fluid displacement fd∆ for the 
moving boundary condition. The fluid body force includes the gravitational forces. For 
incompressible flows, the density is assumed to be constant (Ong and Fwa, 2007c). In 
this ALE formulation, the moving mesh velocity is identical with the solid velocity 
(ADINA Inc., 2010b). 
Ong and Fwa (2006) have successfully used the K ε−  turbulence flow model to 
analyze flows at near-hydroplaning speeds. This turbulence flow model is adopted in 
the present research and is described below. The notation K and ε  represent the 
kinetic energy and rate of dissipation of turbulence. 
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=                                                      (3.10) 
where cµ = 0.09, 1c = 1.44, 2c = 1.92, 3c =0.8, Kc =1, cε =1.3 and cθ =0.9.  
The fluid model is analyzed by 4-node tetrahedral ruled form elements. Water is 
considered as the contaminant and the parameters of water at 25o C are used in the 
simulation. The density, dynamic viscosity, and kinematic viscosity of water are 997.1 
kg/m3, 0.894╳10-3 Ns/m3,and 0.897╳ 10-6 m2/s (CRC, 1988). 
In the simulation analysis, the choice of whether a laminar flow model or a 
turbulence flow model should be used depends on the sliding speed. This selection 
criterion is based on the Raynolds number (Re) of the flow: 
Re wVt
ν
=                                                         (3.11) 
where V is the vehicle speed in m/s, tw is the water film thickness in m, and v is the 
kinematic viscosity of fluid (i.e. water) on the pavement in m2/s. The laminar flow 
model is appropriate for modeling a flow at low vehicle sppeds with Re<500 while the 
turbulent flow model is needed to analyze a flow at high speeds with Re>2000. 
A major problem encountered in the simulation is how to efficiently model the 
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fluid layer as well as prevent elements near the conjunction of grooves from 
overlapping during the processing. It is noted that this problem is common near the 
corners of the structure analyzed. In this study, a special attention is paid to mesh 
design to ensure that sufficiently accurate results are obtained. This is achieved by 
subdividing the whole fluid model into convex and regular shape. This allows the 
quality of the mesh to be controlled and optimized to avoid the overlapping problem. 
3.3 Pavement Model 
As in the earlier NUS models (Fwa and Ong, 2008; Ong and Fwa, 2007a, 2007b, 
2007c, 2006), it is assumed that no deformation occurs in the pavement surface under 
wheel loading and the surface is rigid compared with the large deformations of the 
elastic rubber material of vehicle tires. The pavement is assumed to have an elastic 
modulus of 30 GPa, a Poisson's ratio of 0.15, and a density of 2200 kg/m3. 4-node 
isoparametric single-layer shell elements in the software are utilized for this model. 
This element type is suitable for modeling both thin plates and shells (ADINA Inc., 
2010a). 
The improvement to be made in the present research is the enhancement of the 
NUS model to analyze two-way pavement textures. Figure 3.3 illustrates the three 
grooving configurations considered in this research (which will be analyzed in the later 
section): longitudinally grooved, transversely grooved and two-directionally grooved 
pavement surfaces. One-directionally grooved pavement surfaces are used to evaluate 
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the relative effectiveness of two-directional grooving for increasing pavement skid 
resistance and reducing the risk of hydroplaning. 
3.4 Pneumatic Tire Model 
In the proposed simulation model of skid resistance and hydroplaning, tire deformation 
simulation modeling is a critical step. It has a direct bearing on whether tire-pavement 
interaction and the resulting stresses could be realistically simulated. The tire analyzed 
in the example problem in this chapter is the ASTM E 524 standard smooth tire which 
is a size G78-15 tubeless, belted bias construction (ASTM 2010b). Figure 3.4 shows 
the full tire geometry model considered in the example problem. In this model, 4-node 
isoparametric single-layer shell elements, known as the 
Mixed-Interpolation-of-Tensorial-Components (MITC4) elements are used. Shell 
elements have been successfully used by other researchers in the numerical simulation 
of tire frictional performance (Tanner, 1996; Johnson et al., 1999). 
The numerical tire model consists of tire rim, side wall and tire tread. The choice 
of material properties of the three components are determined by calibrating against 
measured tire imprints under known wheel loads and tire inflation pressures. For the 
tire under study in this chapter, tire rim is assumed to be rigid and have an elastic 
modulus of 100 GPa, a Poisson's ratio of 0.3, and a density of 2700 km/m3. Tire walls 
are assumed to have a composite elastic modulus of 20 MPa, a Poisson ratio of 0.45, 
and a density of 1200 kg/m3. Based on the data of tire calibration from earlier study 
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(Ong and Fwa, 2008), tire tread is defined as having a composite elastic modulus of 
100 MPa, a Poisson ratio of 0.45, and a density of 1200 kg/m3. 
Table 3.1 shows the differences between the predicted tire footprint dimensions 
using the tire model against the measured footprint data published by PIARC (1995) 
for a wheel load of 4826 N. It is noted that the numerical model would produce tire 
contact footprint dimensions with less than 2% error as compared to the experimental 
results. Figure 3.5 shows the predicted tire footprint. 
The boundary conditions in the pneumatic tire are: 
• wheel load acting on the center of the wheel, 
• Angular velocity spanning about the wheel axle (for rolling tire),  
• Tire inflation pressure acting on the inner faces of the tire, and 
• Fluid-structure interface at the tread face of the tire. 
Figure 3.1(a) illustrates the tire model, together with boundary conditions. A mesh 
convergence analysis is performed and the results are showed in Figure 3.6. It is noted 
that using 7800 elements in the tire model would be adequate to give relatively 
accurate results. 
3.5 Modeling of Rolling Tire and Pavement Contact 
A key point in the numerical simulation of tire-pavement interaction is a proper 
representation of the rolling contact conditions. Generally, contact phenomena of 
stationary rolling can be understood as (Nackenhorst, 2004): 
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• Contact shear stresses developed from rolling would locally overcome their 
limit and result in partial sticking and sliding. Two areas in the contact interface 
would be observed: a sticking area at the front edge and a sliding area towards 
the back edge of the contact region. 
• A measurable difference which is called slip between the theoretical velocity 
and the true wheel velocity will be generated. 
Basically, the normal contact conditions at the tire-pavement contact interface can be 
expressed as: 
0; 0; 0g gλ λ≥ ≥ =                                                           (3.12) 
Where λ is the normal contact force and A is a gap.  
Using a non-dimensional friction variable τ , the standard Coulomb friction 
condition can be described as (ADINA Inc., 2010a): 
TFτ
µλ
=                                                                       (3.13) 
1τ ≤  
and |𝜏| < 1 implies u̇= 0 
and 1τ = implies (u̇) = sign (τ )                                      (3.14) 
where FT is the tangential force of the contactor segment, μis the friction coefficient 
and λis the normal contact force of the contactor segment, u̇ is the sliding velocity. 
The contact algorithm used for modeling of tire-pavement interaction is the 
constraint-function algorithm (ADINA Inc., 2010a). In this algorithm, the normal 
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constraint function as shown in Equation (3.15) is adopted to enforce the 




g gw g λ λλ ε+ − = + 
 
                                      (3.15) 
where Nε is a small user-defined parameter. Figure 3.7(a) shows the function. This 
method can be used to approximate the stick-slip transition of Equation (3.14) and 
usually results in a smooth transition from stick to slip. In ADINA, constraint functions 
take the form v(u̇,τ) = 0. The v function as shown in Figure 3.7(b) is defined as a 
multi-linear function. In this function, εT is a parameter representing the "sticking 
velocity". 
3.6 Modeling of Fluid-Structure Interaction 
To completely simulate the interaction between tire, fluid and pavement surface, the 
fluid-structure interface is defined in both of the fluid and solid model (see Figure 3.4).  
The coupling analysis utilizes the kinematic condition and displacement 
compatibility as the fundamental conditions to the fluid-structure interface (Zhang and 
Bathe, 2001), 
f sd d=                                                                       (3.16) 
and the dynamic condition (or traction equilibrium) 
n nf sτ τ• = •                                                                 (3.17) 
where df and ds are the displacements in the fluid and solid sub-models respectively, 
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while τf and τs represent the stress in the fluid and solid sub-model respectively. The 
underlined variables denote that the values are defined at the fluid-structure interface 
only. Both stress and displacement criteria are used for checking the convergence of 














，                                                       (3.18) 















，                                                       (3.19) 
where τ and d are tolerances for stress and displacement convergence criterion 
respectively, and 0ε is the predetermined constant for overriding the stresses and 
displacements in case they become too small for convergence checking. The tolerances 
are set as 0.1% for both of them, while 0ε is predetermined as 10
-8. 
3.7 Determination of Skid Resistance and Hydroplaning Speed 
When a wheel is loaded during braking, a fluid uplift force and a horizontal drag force 
are acted on the fluid-structure interface of the tire. The available skid resistance can be 
computed by the following equation: 
( )





= × = ×  
  
                                 (3.20) 
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where Fx is the horizontal force and Fz is the vertical load applied at the center of tire. 
The horizontal contact force Fx is equal to the sum of the traction force developed at 
the tire-pavement contact area and the fluid drag force generated from the water film. 
The determination of hydroplaning speed is an interactive process. The sliding 
speed of the wheel is increased slowly from a low travel speed until the point where 
fluid uplift force is equal to the magnitude of applied wheel load. At this point the tire 
is entirely lifted from the pavement surfaces, and the sliding speed is defined as the 
hydroplaning speed. Hydroplaning is considered to occur when the total fluid uplift 
force is equal to the wheel load. Validation of the predicted hydroplaning speed can be 
conducted by comparing against experimental results or the NASA hydroplaning 
equation for smooth pavement. 
3.8 Modeling of Skid Resistance of Rolling Tire with Slip Ratio 
When a driver steps on the brake pedal of an automobile, a force will be applied acting 
about the wheel centre to impede the vehicle motion (Cho et al., 2007). During braking, 
the tire tread will slide relative to the pavement surface and results in tire slip. With the 
tire angular velocity decreasing, a longitudinal braking force is generated and distorts 
tire-pavement contact patch rearward as shown in Figure 3.8. After the tire tread enters 
the contact patch, the tangential velocity of the tire tread starts to increase and the 
longitudinal braking force decreases as the tread approaches the rear of the tread 
(Blundell and Harty, 2004). Figure 3.8 also illustrates the distribution of pressure, slip, 
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and longitudinal shear stress generated in the tire tread during this process. 
Tire slip as mentioned above is defined as the difference between the velocity of 





=                                                                (3.21) 
where S is the tire slip ratio, v is the vehicle translation speed, ω is the tire angular 
velocity, and r is the effective tire-rolling radius. When tire slip ratio S is close to zero, 
it means that a vehicle is in its normal driving condition. When tire slip ratio S is equal 
to one, it represents a locked wheel condition. 
Figure 3.9 plots a typical non-linear relationship between tire slip and tire 
longitudinal friction coefficient. It can be observed from the figure that friction 
coefficient increases from zero slip (i.e. driving state) to an optimum slip ratio and then 
decreases until the wheel is locked. This implies that locked wheel condition is the 
least desirable condition a driver would want during braking since its frictional 
coefficient is much reduced as compared to that experienced at the optimal slip. As 
such, most automobiles today are equipped with an antilock braking system (ABS) to 
maintain a slip close to the optimum slip ratio. 
A typical antilock braking system (ABS) includes a central electronic control unit 
(ECU), wheel speed sensors, and hydraulic valves within the brake hydraulics. The 
ECU constantly monitors the rotational speed of each wheel and if it detects a wheel 
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rotating significantly slower than the others – indicating an impending wheel lock, it 
actuates the hydraulic valves to reduce the braking force on that wheel, hence causing 
the wheel to turn faster. Conversely, if the ECU detects a wheel turning faster than the 
others, a braking force is applied to slow down the wheel. The amount of force to be 
applied depends on the speed of the vehicle, the rotational speed of each wheel and the 
desired vehicle slip which is controlled by the ECU. Past research studies have shown 
that the optimum slip ratio lies between 0.10 and 0.20 and as a result, most antilock 
braking systems attempt to keep the slip within the optimal slip range (0.10 to 0.20) 
and hence avoiding the situation where the wheels get locked (Anwar and Ashrafi, 
2002; Cho et al., 2007; Harifi et al., 2008). In the experimental study performed by 
Louisiana Transportation Research Center (2000), an average critical slip ratio of 13.9 % 
was reported for the ASTM E 524 standard smooth tire. In the present study, the 
optimal slip ratio of 15% is used in all analysis associated with antilock braking system 
(ABS). 
3.8.1 Finite Element Skid Resistance Simulation Model Taking into Account 
of Tire Slip 
A three-dimensional finite element simulation model developed earlier by Ong and 
Fwa (2007c) ( see Figure 3.1) is modified to model rolling tire with slip ratio through 
the application of a tire rotational velocity and a preset tire slip ratio. Basically, the 
model was developed considering theoretical structural mechanics and computation 
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fluid dynamics principles involved in vehicle skidding/braking as well as the 
interaction between a rolling tire, water and pavement surface. Figure 3.10 illustrates 
the tire, fluid and pavement sub-models with their respective mesh designs. The model 
is simulated using the moving frame of reference. The wheel is assumed to have a 
stationary rolling around wheel axle at a given angular velocity while the pavement 
and water are moving towards the wheel at a given translational speed. The tire slip 
ratio can be determined using Equation (3.21). The finite element software package 
ADINA (2010a and b) is used to simulate the tire-fluid-pavement interaction process. 
In this section, the ASTM E524 standard smooth tire (ASTM, 2010b) is adopted 
to model the skid resistance characteristics of a rolling with slip ratio. For the problems 
studied here, 8,100, 2,400 and 25,632 elements for the tire, pavement and fluid model 
are found to give sufficiently accurate results. The key input parameters to the 
simulation model are listed below, 
• Tire dimensions; 
• Tire inflation pressure and wheel load; 
• Tire material properties for three main structures: tire rim, tire sidewalls and 
tread rubber; 
• Water material properties; 
• Water film thickness on pavement surface is varied in the simulation 
• Vehicle speed and slip can be varied in the simulation 
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• Pavement is modeled as a rigid and flat plane 
The detailed descriptions about these parameters have been given in Sections 3.2 to 
3.4. 
3.8.2 Determination of Skid Resistance for Rolling Tires 
The numerical simulation model produces output data in terms of traction force due to 
tire-pavement contact, tire-pavement contact reaction force, fluid drag force and fluid 
uplift force. Similar to Equation (3.20), skid resistance experienced by a rolling tire can 





= ×                                                              (3.22) 
where SNs,v is the skid number at speed v (km/h) with slip ratio s, Fx is the horizontal 
resistance force to motion acting on the tire tread and Fz is the vertical wheel load. The 
horizontal resistance force Fx is equal to the sum of the traction force developed at the 
tire-pavement interface and the fluid drag force due to the tire-fluid interaction. 
3.8.3 Validation of Skid Resistance for Rolling Tires on Smooth Pavement 
For the case of a rolling tire, the modified numerical simulation model of Figure 3.10 
is validated against experimental results conducted by General Dynamics (2004) for 
the standard ASTM E524 smooth tire moving at 40 km/h along a smooth pavement 
with a 1 mm water film thickness at different slip ratios. Table 3.2 shows the 
comparison between the numerical simulation results against the experimental skid 
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data at a speed of 40 km/h for tire slips ranging from 10% to 100% (i.e. locked wheel). 
It can be seen from the table that the differences between the measured and computed 
skid numbers are at most ± 3 SN units. This indicates the ability of this model in 
simulating skid resistance for rolling tires moving on wet pavements at a given slip. 
Modeling of Skid Resistance  
3.9 Modeling of Skid Resistance of Car Tires on Two-directional Textured 
Pavement Surface 
As a first attempt to develop a simulation model to study the skid resistance and 
hydroplaning performance of pavement surfaces with two-directional texture, this 
study considers pavement surfaces with grid-pattern grooves as such pavement 
surfaces have been tested in field experimental studies by past researchers (Mahone et 
al., 1976). It should be noted that only locked wheel (i.e. tire slip ratio = 100%) is 
considered in this section. The test data of these experimental studies will be used for 
the validation of the simulation model developed in this section. 
3.9.1 Two-Directionally Textured Patterns Considered 
The pavement surface grooving patterns analyzed for the purpose of model validation 
are listed in Table 3.3. These texture designs were examined in an experimental study 
conducted by the Virginia Highway and Transportation Research Council (VHTRC) 
(Mahone et al., 1976). The VHTRC experimental study was conducted to better 
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understand how different pavement grooving methods improve the available skid 
resistance at different sliding speeds on a wet-pavement surface. Various grooving or 
texturing patterns were applied in portland cement concrete (PPC) pavements. The 
following grooving or texturing patterns used in the VHTRC study are analyzed in this 
analysis: 
• Pattern A: combination of longitudinal striations on 19-mm centers and 
transverse striations on 38-mm centers; 
• Pattern B: combination of longitudinal striations on 19-mm centers and 
transverse striations on 76-mm centers; 
• Pattern C: longitudinal striations on 19-mm centers; 
• Pattern D: transverse striations on 19-mm centers; 
• Pattern E: transverse striations on 38-mm centers; 
• Pattern F: transverse striations on 76-mm centers; 
• Pattern G: dimpled finishing without transverse or longitudinal striations. 
The test sections containing the above texture patterns were all located along the same 
road. The groove dimensions were set as 3 mm wide and 3 mm deep for both 
longitudinal and transverse grooves. Figure 3.11 shows the pictures of grooved 
pavement surfaces tested in the study. Also included in the analysis for comparison 
reason is a test section of Pattern G surface without any grooving applied. 
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3.9.2 Validation Analysis of Skid Resistance Model of Skidding Tires on 
Textured Pavements 
The skid number is calculated using Equation (3.20) in the earlier chapter. The 
validation of the simulation model developed in this chapter is performed against the 
experimentally measured skid resistance values by Mahone et al. (1976). In the study 
by Mahone et al. (1976), ASTM E524 smooth tires were used for all the tests. It is 
noted that a smooth tire was used because it is more sensitive to pavement 
macrotexture than a rib tire. Table 3.4 lists the experimental conditions under which the 
skid resistance tests were performed and the measured skid number SN values at four 
different speeds for each of the test sections. 
Since the static tire-pavement friction value SN0 required for the simulation 
analysis is not available from the records of the experimental study, it has to be 
estimated from the measured skid resistance data. To determine this parameter, the 
back-analysis procedure proposed by Fwa and Ong (2008) is adopted. This 
back-analysis procedure requires the use of skid resistance measurements at one of the 
test speeds. In the present study, the measured SN values at the test speed of 32 km/h 
were used to estimate the SN0 values required for the simulation analysis. This set of 
values was used because the test speed was the lowest and nearest to the zero speed 
that defines SN0. The back-derived SN0 values for each pavement surface in the test 
program are found in Table 3.5. These SN0 values fall within the range from 35 to 75 
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(the equivalent friction coefficient for this range is from 0.35 to 0.75) which has been 
reported as the commonly observed ranges of friction coefficients for rubber on wet 
concrete pavements (Lee et al. 2005). 
The main criterion of the validation is the difference between the calculated SN 
values and the corresponding measured SN values. The ASTM E274 standard (ASTM, 
2011) defines that "an acceptable standard deviation of 2 SN units was obtained from 
numerous test conducted on a variety of systems at the field tests and evaluation 
centers." Considering this likely error range of field measurements, an interval of ±4 
SN units corresponding to 95% confidence level is taken in the present study to be a 
practically acceptable range of errors. 
The results of validation are summarized in Table 3.5. Figure 3.12 compares the 
predicted SN-speed curves determined from the numerical simulation model and the 
corresponding measured SN values at different test speeds. In Table 3.5, it is clearly 
observed that out of the 28 data analyzed, only 1 case is beyond the limits of the 95% 
confidence interval, giving a discrepancy of -5.1 SN value. In other words, in 27 out of 
28 cases or 96.4% of the cases, the differences between measured and predicted SN 
values are smaller than the practical acceptable measurement error range of ±4 SN 
units. It also can be noted form Table 4.3 that most of the numerical differences 
between the predicted and measured SNv are less than ±2.0, well within ±4, the limits 
of the 95% confidence interval. In terms of percentage error, all except one case, have 
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errors less than 10%. Theses comparisons suggest that the simulation model is 
sufficiently accurate for predicting wet pavement skid resistance in the normal range of 
vehicle speeds. 
3.10 Modeling of Skid Resistance of Tires with Antilock Braking System 
The proposed model can be applied to simulate skid resistance of car tires with 
antilock braking system (ABS). As explained in Section 3.8, the slip ratio of 15% can 
be assumed for case of ABS. This section provides a validation of the model for 
analyzing skid resistance of tires with ABS. 
3.10.1 Pavement Surfaces Considered 
The pavement surfaces considered in this study are listed in Table 3.6. This 
grooving design had been chosen as the most effective pattern which could provide the 
highest friction coefficient (Allen and Quillen, 1969). The construction and finish for 
the various testing pavement sections have been listed below (Allen and Quillen, 
1969): 
• Surface A: ungrooved concrete pavement with canvas belt surface finish 
• Surface B: grooved concrete pavement with canvas belt surface finish 
• Surface C: Grooved concrete pavement with burlap surface finish 
• Surface D: ungrooved concrete pavement with burlap surface finish 
• Surface E: Ungrooved asphalt pavement with smooth rock 
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• Surface F: Ungrooved asphalt pavement with small aggregate (3/8 inch or less) 
• Surface G: Grooved asphalt pavement with small aggregate (3/8 inch or less) 
• Surface H: Grooved asphalt pavement with large aggregated (3/4 inch or less) 
All these test sections had been designed to be flat and level to aid in maintaining the 
water-film thickness constantly. Transverse-grooving with 1 inch (25.4 mm) spacing 
and 1/4 inch (6.35 mm) width and depth was applied for all grooved sections. Figure 
3.13 describes the conditions of all pavement sections tested in the experiment. 
3.10.2 Validation of Skid Resistance Modeling of Tires with Antilock Braking 
System 
The experimental data utilized for the validation of the proposed model were from the 
skid resistance test conducted by Horne and Tanner (1969), including four pavement 
sections with same transverse grooving dimensions but different surface finishes and 
four ungrooved pavement surfaces with various surface finish. The experimental data 
from their study have been measured using a ASTM E524 smooth automobile tire with 
4800 N wheel load and 165.5 kPa tire inflation pressure at speeds of 20 to 60 miles per 
hour (32 km/h to 96 km/h). It should be noted that the ASTM smooth tire has been 
observed to be more sensitive to wet pavement slipperiness in terms of both water 
depth and texture than the standard rib tire (Mahone et al., 1976; Horne and Tanner, 
1968). Its usage has been preferred to the rib tire for skid resistance tests. Two water 
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depths are used in this study. The first water film thickness is 0.5 mm. The second 
wetness condition is classified as flooded with 3.8 mm water-film thickness. 
The calculated skid numbers are listed in Tables 3.7 and 3.8 for each driving 
condition at 0.5 mm-thick water depth. The corresponding SN0 values for each 
pavement surface in the test program are also summarized in these two tables. Based 
on these values of SN0, the skid numbers of locked and slipping tires at the water film 
thickness of 3.81 mm are calculated and listed in Tables 3.9 and 3.10. The main 
criterion of the validation is the differences between the calculated SN values and the 
corresponding measured SN values. As mentioned in chapter 3, the agreement between 
the experimental and predicted values can be accepted as good if the magnitudes of the 
differences are within +/- 4 SN units. It can be seen from these tables that the errors 
between them are mostly within the range as required except five cases beyond the 
limits of the 95% confidence interval, giving discrepancies of 12.3, -4.5, -11.1, 8.1, 6.1 
and -7.3 SN values. In other words, in 70 out of 76 cases or 92.1% of the cases, the 
differences between measured and predicted SN values are less than the acceptable 
measurement error range of ±4 SN units. Based on these, it confirms that the skid 
resistance model is able to simulate the phenomenon of vehicle skidding on grooved 
pavements for both locked wheel and rolling wheel with slip. 
3.11 Summary 
The first part of this chapter discusses the development of a three-dimensional skid 
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resistance model using ADINA software. The theoretical basis and formulation as well 
as the assumption of this numerical model have been explained in detail. 
The second part of this chapter has presented an improved simulation model for 
passenger car skid resistance to incorporate tire slip on wet pavements. This model 
considers different slip ratios ranging from 10% to 100%. A validation analysis is 
conducted and simulation results are validated against past experimental results. 
Furthermore, the control of antilock braking system is incorporated into the proposed 
simulation model by using an optimum slip ratio. The effects of ABS on skid resistance 
for different water-film thickness were evaluated and compared against locked wheel 
skid resistance in order to evaluate the effectiveness of ABS in providing better wet 
pavement skid resistance. It was found from the analyses presented that skid resistance 
is higher for wheels equipped with ABS as opposed to locked wheels. 
Also this chapter has presented the development of a improved simulation model 
that is cable of simulating tire-fluid-pavement interactions of a locked wheel sliding on 
a two-directional textured pavement surface. The validation of the proposed model is 
conducted by checking the predicted skid number with the measured skid resistance 
data of experimental studies conducted by past researchers. Good matching is found 
between the predicted values by the proposed numerical model and the measured data 
from experiment. This numerical model thus offers a useful tool to predict the 
magnitude of wet-pavement skid resistance at any given locked-wheel sliding speed on 
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textured pavement surfaces. 
  












Percent error in 
Width (%) 
Measured 155.00 - 146.00 - 
Predicted 156.60 1.03 147.84 1.26 
Note: The measured footprint is obtained from PIARC (1995) experiments of ASTM 














Skid Number at 40 km/h Difference Percentage Error 
Experiment Simulation 
10 24.4 23.9 0.5 2.0% 
20 23.6 22.8 0.8 3.4% 
30 22.5 22.3 0.2 0.9% 
40 22.1 20.8 1.3 5.9% 
50 21.5 18.9 2.6 12.1% 
60 19.6 17.9 1.7 8.7% 
70 17.5 16.0 1.5 8.6% 
80 16.2 14.9 1.3 8.0% 
90 15.5 14.4 1.1 7.1% 
100 14.9 13.5 1.4 9.4% 
Note: Skid numbers are for ASTM standard smooth tire moving on smooth pavement 
with 1 mm thick water film. 
 
  




TABLE 3.3 Groove dimensions of grooved pavement surfaces in VHTRC experiment 
Texture 
Pattern 
Center-to-Center Spacing of 
Grooves 
Longitudinal (mm) Transverse (mm) 
Width Depth Width Depth 
A 
19 mm longitudinal+38 mm 
transverse 
3 3 3 3 
B 
19 mm longitudinal+76 mm 
transverse 
3 3 3 3 
C 19 mm longitudinal 3 3 - - 
D 19 mm transverse - - 3 3 
E 38 mm transverse - - 3 3 
F 76 mm transverse - - 3 3 
G No grooves - - - - 
 
  




TABLE 3.4 Summary of measured skid number SN in VHTRC experiment 




SN measured at vehicle speed V 
(km/h) 








19 mm longitudinal+38 mm transverse 
19 mm longitudinal+76 mm transverse 
19 mm longitudinal 
19 mm transverse 
38 mm transverse 
76 mm transverse 





























Note: water depth = 0.55mm; wheel load = 4800N; tire inflation pressure = 165.5kPa. 
 
  




TABLE 3.5 Comparison between experimental and simulation results for SN with 
locked wheel 
Texture Pattern Speed (km/h) SNvm SNvp Difference Error % SN0 
A 32 59 59.2 -0.2 -0.3 61.0 
48 50 52.5 -2.5 -5.1 - 
64 47 46.6 0.4 0.8 - 
80 43 42.9 0.1 0.2 - 
B 32 58 58.0 0.0 0.0 60.0 
48 51 51.1 -0.1 -0.2 - 
64 43 43.7 -0.7 -1.5 - 
80 40 39.1 0.9 2.2 - 
C 32 48 47.4 0.6 1.2 49.0 
48 41 40.7 -1.1 -2.8 - 
64 33 32.7 0.3 0.9 - 
80 32 26.9 5.1 15.9 - 
D 32 58 58.3 -0.3 -0.5 60.0 
48 51 53.9 -2.9 -5.7 - 
64 47 47.5 -0.5 -1.0 - 
80 39 40.9 -1.3 -3.2 - 
E 32 56 55.2 0.8 1.4 57.0 
48 50 48.8 
 
1.2 2.4 - 
64 41 40.9 0.1 0.3 - 
80 37 35.8 1.2 3.4 - 
F 32 52 52.2 -0.1 0.2 54.0 
48 42 43.0 -2.3 -5.4 - 
64 37 37.2 -0.2 -0.6 - 
80 34 31.4 2.6 7.8 - 
G 32 45 44.6 0.4 0.8 46.0 
48 33 34.5 -1.5 -4.5 - 
64 26 26.5 -0.5 -2.0 - 
80 23 22.9 0.1 0.2 - 
Note:  
1. See Table 3.3 for details of groove patterns. 
2. SNvm stands for the experimentally measured SN values. 
3. SNvp is the SN determined by the numerical model. 
 
  




TABLE 3.6 Groove dimensions of pavement surfaces in experiment 
Surface pattern Surface finish Type 
Groove dimension (mm) 
Spacing Width Depth 
A Canvas belt concrete Ungrooved - - - 
B Canvas belt concrete Grooved 25.4 6.35 6.35 
C Burlap drag concrete Grooved 25.4 6.35 6.35 
D Burlap drag concrete Ungrooved - - - 












Grooved 25.4 6.35 6.35 
 
  




TABLE 3.7 Comparison between simulation and experimental skid number for locked 















Surface A 32 54.0 53.5 0.5 0.9 55 
 64 33.4 35.1 -01.7 -5.0  
 96 21.3 21.9 -0.6 -2.6  
Surface B 32 66.7 67.1 -0.4 -0.7 69 
 64 58.3 59.6 -1.3 -2.2  
 96 53.3 54.3 -1.0 -1.8  
Surface C 32 65.8 66.2 -0.4 -0.6 68 
 64 61 58.7 2.3 3.7  
 96 54.2 53.5 0.7 1.3  
Surface D 32 62.5 62.2 0.3 0.5 64 
 64 43.3 40.5 2.8 6.4  
 96 30 28.3 1.7 5.7  
Surface F 32 53.3 52.6 0.7 1.4 54 
 64 46.7 35.0 12.3 26.2  
 96 20.0 20.4 -1.5 -7.6  
Surface G 32 67 68.1 -1.1 -1.7 70 
 64 58.3 60.4 -2.1 -3.6  
 96 53.3 55.1 -1.8 -3.3  
Surface H 32 70 68.1 1.9 2.7 70 
 64 56.7 60.4 -3.7 -6.6  
 96 55.3 55.1 -0.2 30.4  
Noted: Test conditions: ASTM E524 smooth tire, wheel load= 4800 N, tire inflation 
pressure = 165.5 kPa. 
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TABLE 3.8 Comparison between simulation and experimental skid number for 















Surface A 32 85.3 84.1 1.2 1.4 85 
 64 70.0 71.2 -1.2 -1.7  
 96 49.3 49.5 -0.2 -0.4  
Surface B 32 95.0 95.0 0.0 0.0 96 
 64 88.0 87.5 0.5 0.5  
 96 83.0 83.5 -0.5 -0.6  
Surface C 32 94.7 96.0 -1.3 -1.3 97 
 64 89.2 88.4 0.8 0.9  
 96 86.7 84.6 2.1 2.4  
Surface D 32 90.8 89.0 1.8 2.0 90 
 64 70.8 75.3 -4.5 -6.4  
 96 54.2 52.9 1.9 3.5  
Surface F 32 79 81.1 -2.1 -2.7 82 
 64 72 68.7 3.3 4.6  
 96 45.3 48.4 -3.1 -6.8  
Surface G 32 100 96.9 3.1 3.1 98 
 64 87.5 89.4 -1.9 -2.1  
 96 81.6 85.5 -3.9 -4.7  
Surface H 32 98.0 97.9 0.1 0.1 99 
 64 79.2 90.3 -11.1 -14.0  
 96 86 86.3 -0.3 0.4  
Noted: Test conditions: ASTM E524 smooth tire, wheel load= 4800 N, tire inflation 
pressure = 165.5 kPa. 
 
  




TABLE 3.9 Comparison between simulation and experimental skid number for locked 















Surface A 32 47.5 47.7 0.3 0.7 52 
 64 23.3 24.0 -0.7 -3.1  
 80 17.5 17.6 -0.1 -0.5  
Surface C 32 66.8 65.7 1.1 1.6 68 
 64 60 57.3 2.7 4.5  
 96 52.5 52.3 0.2 0.4  
Surface D 32 60 58.5 1.5 2.5 64 
 64 24.2 28.0 -1.3 -4.7  
 96 17.5 17.8 1.5 7.8  
Surface E 32 60.0 57.6 2.4 4.0 63 
 64 27.5 27.6 -0.1 -0.4  
 80 20.0 19.0 1.0 4.8  
Surface F 48 40 37.7 2.3 5.7 54 
 64 35 27.0 8.1 23.1  
Surface H 32 68.6 67.6 1.0 1.4 70 
 64 55.3 58.9 -3.6 -6.6  
 96 55.7 53.8 -1.9 -3.4  
Noted: Test conditions: ASTM E524 smooth tire, wheel load= 4800 N, tire inflation 
pressure = 165.5 kPa. 
 
  




TABLE 3.10 Comparison between simulation and experimental skid number for 
















Surface A 32 82 82.2 -0.2 -0.2 84 
 64 47.5 49.9 -2.4 -5.1  
 80 35 37.4 -2.4 -6.8  
Surface C 32 95.5 95.3 0.3 0.3 97 
 64 84.2 85.8 -1.6 -1.8  
 96 76.7 78.7 -2.0 -2.6  
Surface D 32 88.0 88.0 0.0 0.0 90 
 64 59.3 53.2 6.1 10.2  
 96 37.5 39.6 2.1 5.5  
Surface E 32 83.1 83.1 -0.0 0.0 85 
 64 48.7 50.5 -1.8 -3.6  
 80 36.0 7 -1.4 -4.8  
Surface F 48 53.3 60.6 -7.3 -13.7 82 
 64 48.6 48.8 -0.2 -0.4  
Surface H 32 94.0 97.2 -3.2 -3.4 99 
 64 88.6 87.5 1.1 1.2  
 96 80.0 80.2 -0.2 -0.3  
Noted: Test conditions: ASTM E524 smooth tire, wheel load= 4800 N, tire inflation 
pressure = 165.5 kPa. 
 
  




FIGURE 3.1 Proposed three-dimensional simulation model 
(Ong and Fwa, 2007c) 
 
 




FIGURE 3.2 Schematic overview of simulation model 
 
  






FIGURE 3.3 Description of textured pavement surface 
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(a) Tire and pavement sub-model 
Tire tread face 
(Fluid-structure interface) 
Water outlet at 
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(b) Fluid sub-model 




FIGURE 3.5 Tire contact footprint from simulation for ASTM E-524 tire 
at 165.5 kPa inflation pressure and 4826 N load 
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FIGURE 3.7 Constraint function adopted in the contact analysis 
 
  
(a) Constraint function for normal contact 
(b) Frictional contact constraint function 





FIGURE 3.8 Force development in a braked tire 
(Blundell and Harty, 2004) 
 
  




FIGURE 3.9 Relationship between tire slip ratio and longitudinal friction coefficient 
(Cho et al., 2007; Anwar and Ashrafi, 2002) 
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FIGURE 3.10 Skid resistance simulation model for rolling tire on smooth pavement 
taking into account of tire slip ratio 
 
  




FIGURE 3.11 Grooved pavement surfaces tested in the VHTRC experimental study 
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Chapter 4 Evaluation of Skid Resistance Performance of 
Rolling Tires on Textured Pavements 
4.1 Introduction 
From the review conducted in the Chapter 2, there are two types of pavement texture 
influencing pavement frictional performance: microtexture and macrotexture. It is 
known that pavement macrotexture is a key factor governing pavement skid resistance 
at high traveling speeds. Unfortunately, a substantial amount of difficulty is involved in 
the modeling of randomly distributed surface texture due to the complex 
three-dimensional geometry of pavement surface macrotexture. There exists practically 
unlimited number of macrotexture patterns which vary as a function of pavement type 
(e.g. asphalt versus Portland cement concrete pavement), and mix design (e.g. 
dense-graded versus open-graded mixes). To simplify the representation of real 
pavement macrotexture, a model which contains a two-directionally grooved pavement 
surface is presented to study the beneficial effects of pavement texturing on pavement 
skid resistance and hydroplaning. The present simulation model considers various 
forms of pavement texturing such as gird-pattern grooving which has not been 
analyzed in the past for different driving conditions. In particular, this chapter would 
deal with various factors that affect tire-fluid-pavement interaction. Therefore, the 
benefits of pavement grooving and ABS are able to be evaluated. 
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4.2 Practical Significance of Modeling Rolling Tire and Antilock Braking 
System 
Past research studies have noted the effectiveness of antilock braking systems (ABS) in 
providing superior skid resistance performance (Clemett and Moules, 1973; MacAdam 
and Fancher, 1978; Cairney and Germanchev, 2006) as compared to the extreme 
situation where a wheel gets locked during skidding. Since most vehicles today are 
equipped with antilock braking system, this section therefore attempts to evaluate the 
effects of ABS on skid resistance for different water-film thickness and compare it 
against locked wheel skid resistance in order to evaluate the effectiveness of ABS in 
providing better wet pavement skid resistance. In this section, the vehicle speed is kept 
constant at a speed of 64 km/h to allow additional insights on the effectiveness of ABS 
in skid control under different tire slip and water-film thickness conditions. 
The ASTM E524 standard smooth tire is assumed to be traveling on a wet 
pavement surface under the following three different vehicle operating test conditions: 
• Test Condition A (ASTM E274 standard locked wheel test): The standard 
ASTM E524 smooth tire is assumed to be locked and sliding over a pavement 
with 0.5 mm thick water-film at a speed of 64 km/h. The wheel load is assumed 
to be 4800 N and the tire inflation pressure is 165.5 kPa. Skid numbers 
obtained under this condition are denoted as SN100%,64,ASTM. 
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• Test Condition B (Locked wheel skidding at 64 km/h): The standard ASTM 
E524 smooth tire is assumed to be locked and sliding over a pavement with 
varying water-film thicknesses. The wheel load is assumed to be 4800 N and 
the tire inflation pressure is 165.5 kPa. Skid numbers obtained under this 
condition are denoted as SN100%,64,tw where tw is the water-film thickness in 
mm. 
• Test Condition C (Wheel skidding at 64 km/h at the optimum slip of 15%): This 
test condition considers the case where the ASTM E 524 standard smooth tire 
with a given slip ratio rolls over a pavement with a given water-film 
thicknesses. The wheel load is assumed to be 4800 N and the tire inflation 
pressure is 165.5 kPa. Skid numbers obtained under this condition are denoted 
as SNs,64,tw where s is the slip ratio and tw is the water-film thickness in mm. 
It must be emphasized that Test Condition A represents the standard ASTM E274 test 
conditions made which standard skid tests are performed and reported and it provides a 
measure of inherent pavement skid resistance condition. Test Conditions B and C 
represent the skid resistance experienced by the tire on the actual vehicle operating and 
environmental conditions. 
Table 4.1 shows the simulation results for Test Conditions A, B and C. Being a 
standard test skid number, the measured SN100%,64,ASTM provides a reference of the 
inherent pavement friction condition and a basis to compare locked wheel skid 
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numbers and optimum slip skid numbers under different testing conditions. It can be 
seen from Table 4.1 that for any given pavement surface designated as SN100%,64,ASTM, 
skid numbers at the optimum slip is always higher than that of locked wheel conditions, 
regardless of the water film thickness. 
Figure 4.1(a)-(c) further compare the skid numbers experienced by the locked 
wheel and the wheel at the optimum slip for different pavement surfaces designated as 
SN100%,64,ASTM, over a range of water-film thicknesses and vehicle speeds. From these 
figures, it can be observed that: 
• From Figure 4.1(a), it was found that as SN100%,64,ASTM increases, SN100%,64,tw 
and SNs,64,tw also increase. This is expected since a pavement with a higher 
value of SN100%,64,ASTM indicates a pavement with better friction characteristics 
and hence resulting in higher SN100%,64,tw and SNs,64,tw values. 
• From Figure 4.1(b), it can be observed that as the water-film thickness 
increases, both SN100%,64,tw and SNs,64,tw decreases at a decreasing rate. This is 
in agreement with findings of past research studies with respect to the influence 
of water depth on skid resistance (Rose and Gallaway, 1977) 
• Figure 4.1(c) shows the skid resistance-speed curves for SN100%,64,tw and 
SNs,64,tw. It can be observed that as speed increases, skid numbers decrease. 
This is also in agreement with past findings found in the literature ( Sacia, 1976 
and Gallaway et al., 1979). 
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In general, it is observed that SN100%,64,tw is consistently smaller than SNs,64,tw for all 
the cases presented in Figure 4.1. This confirms the ability of ABS in improving the 
amount of wet pavement friction experienced by a rolling tire during braking or 
skidding. 
4.3 Evaluating the Benefits of Grooving on Wet Pavement Skid Resistance 
It is noted that pavement groove dimensions contributes to the improvement of skid 
resistance. However, pavement grooving design in current practices follows either 
experience or past practice. Some of the states recommended a range of pavement 
grooving design. Other agencies also employ their own recommendations on the 
groove design for skid resistance management (Hoerner and Smith, 2002). It should be 
noted that, these guidelines may offer limited information as many factors affect skid 
resistance at different levels. This section thus conducts an analysis using the 
simulation model presented in Chapter 3 to determine the skid resistance of a given 
pavement grooving design under different operation conditions including vehicle speed 
and water film thickness. 
4.3.1 Case Study One 
The effect of groove pattern on wet pavement skid resistance is studied using the 
groove patterns adopted by Smith (1983) in his past research work on pavement 
grooves. Smith (1983) had earlier studied the frictional characteristics of highway 
pavements before and after grooving. Friction tests were performed on actual 
pavement sections to evaluate the improvement in skid resistance due to different 
groove patterns. In this section, the field experimental results provided by Smith (1983) 
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are used to develop useful skid resistance relationships necessary for a comprehensive 
skid resistance evaluation as well as for braking distance computation. Since the 
friction tests usually adopt a fixed vehicle speed and a single water-film thickness, the 
simulation analyses can provide additional insights on grooved pavement skid 
resistance under various operating conditions. 
4.3.1.1 Groove Patterns Considered 
Three different groove patterns are studied by Smith (1983) and are shown in Table 4.2. 
They are: 
• Pattern A: Transverse grooving of 3 mm groove width, 6 mm groove depth at 
a center-to-center spacing of 24 mm; 
• Pattern B: Longitudinal grinding of 3 mm groove width, 2 mm groove depth 
at a center-to-center spacing of 6 mm; 
• Pattern C: Grid pattern grooves with transverse grooving of 3 mm groove 
width, 6 mm groove depth at a center-to-center spacing of 24 mm and longitudinal 
grinding of 3 mm groove width, 2 mm groove depth at a center-to-center spacing of 
6 mm. 
Another surface pattern – the plane pavement surface without any grooves (Pattern D) 
is also considered in this study as a benchmark. The above texturing patterns were 
applied both for driving and passing lanes which have been subject to different traffic 
loading and have different surface properties such as microtexture and macrotexture. 
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These factors affect pavement skid resistance to a greater or lesser extent depending on 
the operational conditions, therefore both of driving and passing lanes have been 
considered in this study. 
4.3.1.2 Derivation of Skid Resistance-Speed Curves 
Table 4.3 presents the locked wheel friction test results from Smith’s experiments for 
the un-grooved (before) and grooved (after) pavements (Smith 1983). From Table 4.3, 
it can be observed that before groove application, the passing lane exhibited higher 
skid resistance than the driving lane, presumably due to the lesser level of surface 
texture deterioration. After application of grooves, it is noted that Pattern C gives the 
highest SN64 value (i.e. skid number at a test speed of 64 km/h with a 0.5 mm water 
film thickness), followed by Pattern B and A, indicating that a combination of 
transverse grooves with longitudinal grinding provides the highest level of skid 
resistance. 
Using the experimental results shown in Table 4.3, the theoretical skid number at 
zero speed (SN0) can be computed through the application of the back-calculation 
procedure developed by Fwa and Ong (2008). The computed SN0 values are shown in 
Table 4.4. These SN0 values are used as inputs in the simulation model to determine 
the SN-v relationships for different groove patterns at 0.5 mm water film thickness. 
Figure 4.2 shows the simulation SN-v relationships for the grooved patterns 
(Patterns A, B and C) and the plane pavement surface (Pattern D). Only the average 
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SN-v curve is plotted for Pattern D due to the similarities in experimental friction 
values. From the figure, it is clear that there is a significant improvement in skid 
resistance for all speeds due to the application of grooves. It can also be observed that 
for a water-film thickness of 0.5 mm, Pattern C provide the most improvement in skid 
resistance, followed by Pattern B and lastly Pattern A.  
4.3.1.3 Factors affecting Grooved Pavement Skid Resistance 
For the cases studied by Smith (1983) (see Tables 4.2 and 4.3), the numerical 
simulation model is applied to further derive skid-resistance-speed (SN-v) 
relationships at different water-film thicknesses. Table 4.5 shows the predicted ski 
number for each groove pattern under varying speed and water film thickness 
conditions. 
Figure 4.3(a) shows the driving lane SN-v relationship for each groove pattern at 
a water-film thickness of 5 mm, while Figure 4.3(b) shows the passing lane SN-v 
relationship for each groove pattern at the same water-film thickness. It is clear from 
the figures that in general, skid resistance decreases with increasing vehicle speed, a 
trend which had been well-established from past research studies (Sacia 1976, 
Gallaway et al. 1979; Ong 2007a). An examination of the shapes of the SN-v 
relationship curves in these figures reveals that there is a gentle decrease in the skid 
resistance with sliding speed in the initial phase, followed by a relatively rapid rate of 
drop in skid resistance in another phase. For the cases analyzed, as shown in Figure 
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3.4a, the transition point is observed to take place at sliding speed of about 40 km/h for 
Patten B and appears to be around 60 km/h for Patterns A and C. As can been seen 
from this figure, the rates of fall in skid resistance after transition point vary among the 
4 cases analyzed but increase for all the cases analyzed in this study. As vehicle speed 
increases, more water tends to be accumulated between tire and pavement interface 
and results in less contact area between tire and wet pavement surface. Thus lower skid 
resistance is observed at higher vehicle sliding speed. 
Figures 4.3(c) and 4.3(d) shows the effect of water-film thickness on skid 
resistance for the driving and passing lanes respectively. It can be seen that in general, 
an increase in water-film thickness causes a decrease in skid resistance, regardless of 
groove patterns and vehicle speed. This finding is consistent with past research results 
(Rose and Gallaway 1977, Mosher 1969, Highway Research Board 2000 and Ong and 
Fwa 2007c), whom noted that a thicker water-film on the pavement surface results in a 
lower skid number and higher hydroplaning potential. 
Table 4.6 further compares the percentage improvement in skid number due to the 
application of pavement grooves. It is clear from the table that the provision of either 
Pattern A, B or C results in an improvement in skid resistance at all water film 
thickness and speeds. Moreover, it is clear than Pattern C provides the most benefit in 
skid resistance improvement (ranging between 55% and 340% increase in skid number 
over that of un-grooved pavement for the cases studied) compared to the other two 




4.3.2 Case Study Two 
The simulation model presents a convenient and efficient tool for evaluating the skid 
resistance and hydroplaning behaviors of different pavement texturing designs. As a 
demonstration of the usefulness of the simulation model, this section presents analyses 
that examine the benefits of pavement texturing on wet-pavement skid resistance and 
hydroplaning potential and the trends of variation of skid resistance with vehicle speed 
for a certain texturing design. 
4.3.2.1 Two-Directional Versus One-Directional Groove Patterns 
Figure 4.4 plots the results of skid resistance for the seven pavement surfaces over the 
vehicle speed range of 32 to 96 km/h. Pattern A is the combination of Pattern C and E, 
and Pattern B is the combination of Pattern C and F. In both cases, the two-dimensional 
groove patterns offers significant improvements in skid resistance performance than 
their counterpart unidirectional groove patterns. 
Table 4.7 evaluates the benefits of pavement texturing on skid resistance by 
percentage improvement in SN, comparing with Pattern G pavement surface without 
grooves. The vehicle speeds considered in this analysis are from 32 km/h to 96 km/h, 
where the higher speed is close to the speed where hydroplaning usually occurs on a 
smooth pavement covered with a water-film of 0.5 mm. For Pattern A, at 96 km/h, the 
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improvement is 104.2% versus 18.5% and 49.4% for Patterns C and E respectively, 
For Pattern B, it is 66.1% versus 18.5% and 29.6%. In each case, the improvement is 
more than the sum of improvements of the corresponding unidirectional groove 
patterns. 
4.3.2.2 Effects of Groove Dimensions of Two-Directional Groove Patterns 
To systematically examine the effects of two-directional pavement texturing in 
improving pavement skid resistance and in reducing hydroplaning risk, various 
pavement texturing dimensions covering different grooving spacings, groove widths 
and groove depths are investigated as listed below: 
1) Effect of spacings of transverse grooves: pavements textured with groove width 
and depth of 3 mm at longitudinal spacing of 19 mm and at transverse spacings 
of 19, 38, 57,76, 95 mm respectively; 
2) Effect of spacings of longitudinal grooves: pavements textured with groove 
width and depth of 3 mm at transverse spacing of 38 mm and at longitudinal 
spacings of 38, 57, 76, 95  mm respectively; 
3) Effect of groove depth: pavements textured using pattern A (longitudinal 
spacing of 19 mm and transverse spacing of 38 mm) with groove depths of 5, 7, 
9 mm respectively for both longitudinal and transverse grooves; 
4) Effect of groove width: pavements textured using pattern A (longitudinal 
spacing of 19 mm and transverse spacing of 38 mm) with groove widths of 5, 7, 
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9 mm respectively for both longitudinal and transverse grooves. 
5) Effect of spacings of both longitudinal and transverse grooves: pavements 
textured with groove width and depth of 3 mm at longitudinal and transverse 
groove spacings of 19, 38, 76 mm respectively. 
Table 4.8 (a) to (e) list the computed skid number at various vehicle speeds for the 
above cases. 
Figure 4.5 (a) to (e) present the analysis of the effects of pavement texturing 
dimensions on skid resistance at various vehicle speeds. The following observations of 
the effects of pavement texture dimensions on skid resistance can be made: 
1. Effect of transverse spacing: Figure 4.5(a) shows the variation of SN with 
vehicle speed for pavement with same grooving width of 3 mm, groove depth 
of 3 mm and longitudinal spacing at 19 mm but different transverse spacing at 
19, 38, 57, 76, 95 mm respectively. It is noted that the rate of decrease in skid 
resistance with a higher vehicle speed tends to increase for a wider transverse 
spacing. At the speed of 64 km/h, the SN is reduced by 9.8 for 19 mm 
transverse spacing and 17.9 for 95 mm transverse spacing. At the speed of 126 
km/h, the SN decreases by 41.4 for 19 mm transverse spacing and 49.1 for 95 
mm transverse spacing. 
2. Effect of longitudinal spacing: Figure 4.5(b) shows the variation of SN with 
vehicle speed for pavement with same grooving width of 3 mm, groove depth 
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of 3 mm and transverse spacing at 38 mm but different longitudinal spacing at 
19, 38, 57, 76, 95 mm respectively. Based on the observation, the 
improvement in skid resistance contributed by longitudinal spacing is very 
marginal with spacing dimension more than 38 mm. At the speed of 64 km/h, 
the SN is reduced by 14.4 for 19 mm longitudinal spacing and 15.9 for 95 mm 
longitudinal spacing. At the speed of 126 km/h, the SN decreases by 41.4 for 
19 mm transverse spacing and 47 for 95 mm longitudinal spacing. The 
average improvement in skid resistance over the smooth pavement at the 
vehicle speed of 64 km/h, is 1 SN per mm for 19 mm longitudinal spacing, 
0.47 SN per mm for 38 mm longitudinal spacing, 0.3 SN per mm for 57 mm 
longitudinal spacing, 0.22 SN per mm for 76 mm longitudinal spacing and 
0.17 SN per mm for 95 mm longitudinal spacing. 
3. Effect of groove depth: Figure 4.5(c) shows the variation of SN with vehicle 
speed for pavement with same transverse grooves spaced at 19 mm and 
longitudinal grooves spaced at 38 mm with same groove width fixed at 3 mm 
but different groove depth at 3, 5, 7, and 9 mm respectively. As groove depth 
becomes deeper, the recovery in skid resistance at a given speed increases 
with groove depth. Over a vehicle speed range from 0 - 64 km/h, the 
improvement over the smooth pavement is 76% for 3 mm groove depth and 
102% for 9 mm groove depth. 
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4. Effect of groove width: Figure 4.5(d) shows the variation of SN with vehicle 
speed for pavement with same transverse grooves spaced at 19 mm and 
longitudinal grooves spaced at 38 mm with same groove depth fixed at 3 mm 
but different groove width at 3, 5, 7, and 9 mm respectively. It is noticed that 
pavement groove width has a significant impact on wet-pavement skid 
resistance for the given grooving spacing dimension. With all other parameters 
being constant, higher skid resistance is achieved with wider groove width. At 
vehicle speeds below 64 km/h, SN remains nearly constant for the pavement 
groove width from 5 to 9 mm. The rate of decrement of skid resistance value 
against speed decreases with increasing groove depths. Over a vehicle range 
of 0 - 144 km/h, the SN decreases by 49.3 for 3 mm groove width and 31 for 9 
mm groove width. 
5. Effect of groove spacing in both directions: Figure.4.5(e) plots the variation of 
skid resistance with vehicle speed with various groove spacing in longitudinal 
and transverse spacing. In general, it is observed that skid resistance decreases 
with wider groove spacing. At the vehicle speed of 64 km/h, the SN drops by 
9.8 for 19 mm spacing and 15.9 for 76 mm spacing. While the vehicle speed 
increased to 96 km/h, the SN decreases by 22.7 for 19 mm groove spacing and 
31.1 for 76 mm groove spacing. At the vehicle speed of 96 km/h, each mm 
improvement in groove spacing will increase the skid resistance by 1.2 for 19 
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mm groove spacing, 0.4 for 38 mm groove spacing and 0.1 for 76 mm groove 
spacing compared with the smooth pavement. 
4.4 Evaluating the Effects of Pavement Grooving on Skid Resistance for 
Different Driving Conditions 
Past research studies had noted the effectiveness of antilock braking systems in 
providing superior skid resistance performance (Cho et al., 2007; Anwar and Ashrafi, 
2002) as compared to the extreme situation where a wheel gets locked during skidding. 
The previous sections have discussed the effect of ABS on smooth pavement as well as 
the effect of pavement texturing for locked wheel case. To further illustrate the driving 
benefits of ABS, this analysis employs the developed simulation model to evaluate the 
effects of ABS on skid resistance with different water-film thicknesses and compare it 
against locked wheel skid resistance for both smooth and grooved pavement surfaces. 
The proposed simulation model has been described in Section 3.10 and also has 
been validated against experimental results. The pavement grooving patterns 
considered in this section have been described in Section 3.10.1 and they include four 
smooth pavement sections for Patterns A, D, E and F and four transverse-grooved 
pavement surfaces for Patterns B, C, G and H. The vehicle speeds analyzed range up to 
96 km/h. all the other parameters are remained the same as those in Section 3.10. 
Tables 4.9 (a) and (b) show the simulation results of the locked wheel skid 
Chapter 4.  Evaluation of Effects of Pavement Texturing 
123 
 
numbers (SNlocked) and the skid numbers experienced by the rolling tire at the optimum 
slip ratio, denoted as SNabs, for each pavement surface with two additional water-film 
thicknesses, 1.0mm and 7.5 mm respectively. The 7.5 mm water depth is used to 
represent a severe condition, while the 1 mm one is taken as the typical wet highway 
surface condition experienced. Table 4.10a-c further compares the skid number 
experienced by the locked wheel and that by the wheel at optimum slip under different 
pavement surface conditions, water-film thicknesses and speeds. From these tables, it 
can be observed that generally, the skid resistance on a wet pavement decreases as the 
speed increases. However, the amount of drop in skid resistance varies significantly 
among these cases studied. For easy presentation, considering a water film thickness of 
1.0 mm, when the vehicle sliding speed increases from 32 to 96 km/h, the decreases in 
skid number for locked wheel on smooth pavement, ABS controlled wheel on smooth, 
locked wheel on grooved pavement and ABS controlled wheel on grooved pavement 
are 31, 35, 13 and 12 respectively. It is also noted that the improvement achieved by 
applying pavement grooving, ABS control as well as the combination of ABS and 
pavement grooving depend on operational conditions. Considering canvas belt 
concrete pavements, with a water-film thickness of 0.5 mm, the improvement from 
pavement grooving, ABS as well as the combination of ABS and pavement grooving is 
25%, 57% and 77% respectively at an initial speed of 32 km/h whereas the 
corresponding improve become 148%, 126% and 283% when the initial vehicle speed 
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increases to 96 km/h. 
Figure 4.6 (a) to (c) plots the predicted SN values against water-film thickness at 
the vehicle speed of 64 km/h for locked wheel and rolling wheel with the optimal slip 
ratio of 15% on both smooth and grooved pavement surfaces with same surface 
finish-canvas belt concrete, burlap drag concrete and small aggregate asphalt 
respectively. In general, it can be noted that skid resistance decreases with an increase 
in water-film thickness, regardless of groove patterns (i.e. transversely grooved 
pavement surfaces and smooth pavements) and driving conditions (i.e. locked and 
rolling wheel under ABS control which has an optimal tire slip ratio of 15%). Among 
all operation conditions considered, the combination of pavement grooving and ABS 
control offer the highest skid resistance as compared to the other operation condition, 
including locked wheel on grooved pavement, ABS controlled wheel on smooth 
pavement surface, and locked wheel on smooth pavement surface respectively. ABS 
controlled wheel on smooth pavement experiences higher skid resistance than locked 
wheel on grooved pavement surface when the water-film thickness is less than 3.8 mm. 
As increasing water film-thickness on pavement from 3.8 mm, the rate of decrease of 
skid resistance for ABS controlled wheel on smooth pavement becomes higher than 
that of locked wheel on grooved pavement surface. 
4.5 Summary 
The chapter utilizes the developed model to quantify the beneficial aspects of 
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providing pavement grooves. Pavement skid resistance was analyzed for road surface 
before and after the application of grooving. Three different groove patterns were 
investigated in the study: transverse grooves, longitudinal grinding, and transverse 
grooves with longitudinal grinding. From the analyses presented in this chapter, it was 
found that the provision of pavement grooves improves the skid resistance of the 
pavement by at least 49%. The mechanistic approach used in this chapter to quantify 
these safety benefits can potentially be adopted by highway agencies in justifying their 
choice of pavement groove patterns within a pavement friction management 
framework. 
This chapter also evaluates the improvement of pavement frictional performance 
of transversely grooved pavement surfaces under different driving conditions, namely 
the locked and ABS controlled wheel. The simulation model was applied to determine 
the skid resistance of vehicles moving on smooth pavement and transversely grooved 
pavements respectively. It is found from the analyses that skid resistance is higher for 
wheels equipped with ABS as opposed to locked wheels. 
  




TABLE 4.1 Simulation results for locked wheel and optimal slip skid numbers 
SN100%,64,ASTM tw(mm) SN100%,64,tw SN15%,64,tw SN100%,64,ASTM tw(mm) SN100%,64,tw SN15%,64,tw 
20 0.5 20 36 35 0.5 35 61 
20 1 17 32 35 1 31 56 
20 2 16 28 35 2 28 48 
20 4 14 25 35 4 25 43 
20 8 13 20 35 8 21 30 
25 0.5 25 43 40 0.5 40 69 
25 1 22 40 40 1 34 63 
25 2 20 34 40 2 32 55 
25 4 18 31 40 4 29 49 
25 8 16 23 40 8 25 34 
30 0.5 30 52 45 0.5 45 78 
30 1 26 47 45 1 39 70 
30 2 24 41 45 2 36 62 
30 4 21 37 45 4 32 55 
30 8 20 26 45 8 30 41 
Note: 
1. Skid values are for ASTM E524 tire with tire inflation pressure of 165.5 kPa and wheel 
load of 4800 N sliding over a smooth plane pavement surface; 
2. SN100%,64,ASTM = locked wheel skid number at 64km/h under ASTM testing condition 
(Test Condition A); 
3. SN100%,64,tw = locked wheel skid number at 64km/h for water film thickness tw (Test 
Condition B); 








TABLE 4.2 Groove patterns considered in study 
Parameter 
Pavement surface pattern 
Pattern A Pattern B Pattern C Pattern D 
Pavement 
surface 





































TABLE 4.3 Skid numbers obtained from locked wheel friction tests 
Case 




Skid number at 64 km/h from 
ASTM E274 method, SN64 
Driving lane Passing lane 
I 
Before D 16 34 
After A 29 49 
II 
Before D 16 30 
After B 50 54 
III 
Before D 16 32 
After C 48 51 
Note: Refer to Table 4.2 for definition of pavement surface patterns. 
 
  




TABLE 4.4 Back-calculated SN0 values for cases presented in Table 4.7 
Case 




Skid number at 64 km/h from 
ASTM E274 method, SN64 
Driving lane Passing lane 
I 
Before D 11 23 
After A 26 44 
II 
Before D 11 20 
After B 39 40 
III 
Before D 11 22 
After C 45 46 
Note:  
1. Refer to Table 4.2 for definition of patterns and Table 4.3 for definition of cases and 
SN64 values. 
2. Based on ASTM test conditions: test speed =64 km/h, ASTM standard smooth tire, load 
= 4800 N, tire inflation pressure = 165.5 kPa and water-film thickness = 0.5 mm. 
 
  













Predicted SN on driving lane for 
given grooved pattern 
Predicted SN on passing lane for 
given pattern 
A B C D A B C D 
0.5 18 29.0 51.0 47.8 15.2 48.4 54.3 50.6 32.5 
0.5 32 28.6 50.4 47.3 14.8 47.8 53.6 50.2 31.6 
0.5 46 27.5 44.8 45.4 13.1 45.8 47.2 48.1 27.3 
0.5 60 27.1 42.3 44.7 11.5 45.1 44.9 47.4 23.4 
0.5 74 25.0 29.0 42.1 9.9 41.0 30.6 44.6 17.4 
0.5 88 23.9 23.2 41.0 9.3 39.2 24.4 43.5 15.2 
2.5 18 28.8 50.5 47.3 14.9 48.1 53.7 50.2 32.1 
2.5 32 28.2 49.4 46.6 14.6 47.3 52.5 49.5 31.2 
2.5 46 26.9 42.4 44.4 12.9 44.8 45.0 47.1 23.6 
2.5 60 26.4 39.8 43.6 11.2 43.9 42.3 46.3 20.1 
2.5 74 23.9 27.6 40.6 10.0 39.3 29.0 43.1 14.5 
2.5 88 22.9 22.5 39.5 9.6 37.4 23.5 41.8 12.9 
5.0 18 28.3 49.7 46.8 14.7 47.6 52.8 49.7 31.1 
5.0 32 27.6 47.8 45.6 14.3 46.2 50.7 48.3 29.2 
5.0 46 25.9 39.7 42.0 12.4 42.8 42.1 44.6 21.4 
5.0 60 25.3 36.7 40.7 11.6 41.6 39.0 43.2 17.2 
5.0 74 22.5 24.6 37.0 10.2 36.3 25.7 39.2 13.4 
5.0 88 21.3 19.7 35.6 9.3 34.1 20.3 37.7 9.8 
7.5 18 27.7 48.5 45.9 13.7 46.5 51.7 48.7 28.5 
7.5 32 26.4 45.5 43.8 12.1 44.0 48.5 46.5 23.9 
7.5 46 24.4 36.1 39.8 11.3 39.9 42.9 42.2 18.3 
7.5 60 23.7 32.7 38.4 11.0 38.4 34.4 40.7 16.2 
7.5 74 21.8 26.7 33.0 10.9 33.6 27.9 34.8 12.4 
7.5 88 21.1 18.0 30.8 12.0 31.7 18.3 32.5 12.0 
Note: 
1. Refer to Table 4.2 for definition of patterns. 
2. Results are presented for a ASTM standard smooth tire with load = 4800 N and tire 
inflation pressure = 165.5 kPa. 
 
  












Percentage improvement in skid number due to groove application 
Driving lane Passing lane 
Case I Case II Case III Case I Case II Case III 
0.5 18 90.8% 235.5% 214.5% 48.9% 67.1% 55.7% 
0.5 32 93.2% 240.5% 219.6% 51.3% 69.6% 58.9% 
0.5 46 109.9% 242.0% 246.6% 67.8% 72.9% 76.2% 
0.5 60 135.7% 267.8% 288.7% 92.7% 91.9% 102.6% 
0.5 74 152.5% 192.9% 325.3% 135.6% 75.9% 156.3% 
0.5 88 157.0% 149.5% 340.9% 157.9% 60.5% 186.2% 
2.5 18 93.3% 238.9% 217.4% 49.8% 67.3% 56.4% 
2.5 32 93.2% 238.4% 219.2% 51.6% 68.3% 58.7% 
2.5 46 108.5% 228.7% 244.2% 89.8% 90.7% 99.6% 
2.5 60 135.7% 255.4% 289.3% 118.4% 110.4% 130.3% 
2.5 74 139.0% 176.0% 306.0% 171.0% 100.0% 197.2% 
2.5 88 138.5% 134.4% 311.5% 189.9% 82.2% 224.0% 
5.0 18 92.5% 238.1% 218.4% 53.1% 69.8% 59.8% 
5.0 32 93.0% 234.3% 218.9% 58.2% 73.6% 65.4% 
5.0 46 108.9% 220.2% 238.7% 100.0% 96.7% 108.4% 
5.0 60 118.1% 216.4% 250.9% 141.9% 126.7% 151.2% 
5.0 74 120.6% 141.2% 262.7% 170.9% 91.8% 192.5% 
5.0 88 129.0% 111.8% 282.8% 248.0% 107.1% 284.7% 
7.5 18 102.2% 254.0% 235.0% 63.2% 81.4% 70.9% 
7.5 32 118.2% 276.0% 262.0% 84.1% 102.9% 94.6% 
7.5 46 115.9% 219.5% 252.2% 118.0% 134.4% 130.6% 
7.5 60 115.5% 197.3% 249.1% 137.0% 112.3% 151.2% 
7.5 74 100.0% 145.0% 202.8% 171.0% 125.0% 180.6% 
7.5 88 75.8% 50.0% 156.7% 164.2% 52.5% 170.8% 
Note:  
1. Refer to Table 4.2 for definition of patterns. 
2. Results are presented for a ASTM standard smooth tire with load = 4800 N and tire 
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32 32.5 29.8 6.0 30.5 23.6 16.9 
48 52.3 48.2 18.0 56.3 42.4 28.4 
64 79.5 64.6 23.3 79.1 57.9 40.3 
80 87.0 70.5 17.3 78.3 56.0 31.6 
96 104.2 66.1 18.5 96.4 49.4 29.6 
Note: see Table 3.3 for details of groove patterns. 
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TABLE 4.8 Computed skid number for pavements with designed texturing 
(a) SN for pavements textured with different transverse spacing 
Speed (km/h) 
Skid number (SN) for pavements with longitudinal spacing of 19 mm and 
transverse spacing of 
19 mm 38mm 57 mm 76mm 95 mm 
32 59.9 59.2 58.6 58.0 57.4 
48 55.8 52.5 51.9 51.1 48.0 
64 51.7 46.6 45.5 43.7 41.6 
80 47.5 42.9 41.5 39.1 35.3 
96 38.8 35.6 33.0 27.9 24.9 
112 34.3 26.9 20.5 17.7 12.0 
128 24.4 19.5 17.5 11.8 10.8 
144 16.8 11.7 - - - 
Note: groove width and depth = 3 mm. 
(b) SN for pavements textured with different longitudinal spacing 
Speed (km/h) 
Skid number (SN) for pavements with transverse spacing of 38 mm and 
longitudinal spacing of 
38 mm 57 mm 76 mm 95 mm 
32 57.7 57.2 56.7 56.2 
48 50.6 50.0 49.5 48.9 
64 44.5 43.8 42.9 42.1 
80 40.5 38.9 37.7 37.4 
96 32.0 29.1 27.8 26.3 
112 22.1 19.7 17.7 17.2 
128 16.4 12.9 11.8 11.0 
144 11.3 - - - 
Note: groove width and depth = 3 mm. 
(c) SN for pavements textured with different groove depth 
Speed (km/h) 
Skid number (SN) for pavements with longitudinal spacing of 19 mm, 
transverse spacing of 38 mm and groove depth of 
5 mm 7 mm 9 mm 
32 59.2 59.4 59.6 
48 53.6 55.2 56.6 
64 48.2 50.7 53.5 
80 44.2 46.5 48.2 
96 38.1 40.9 43.4 
112 29.8 31.3 34.8 
128 22.4 24.9 28.2 
144 15.0 18.0 21.2 
Note: groove width = 3 mm 
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(d) Computed skid number for pavement textured with different groove width 
Speed (km/h) 
Skid number (SN) for pavements with longitudinal spacing of 19 mm, 
transverse spacing of 38 mm and groove depth of 
5 mm 7 mm 9 mm 
32 59.3 59.6 59.9 
48 53.8 55.3 58.0 
64 49.9 54.0 56.6 
80 46.6 50.6 54.3 
96 39.5 46.2 49.9 
112 31.6 36.0 43.3 
128 24.3 31.9 38.0 
144 18.0 22.9 29.8 
Note: groove depth = 3 mm 
 
(e) Computed skid number for pavement textured with different groove spacing for 
both directions 
Speed (km/h) 
Skid number (SN) for pavements with longitudinal spacing and transverse 
spacing of 
19 mm 38 mm 76 mm 
32 59.9 57.3 53.6 
48 55.8 57.3 53.6 
64 51.7 44.2 39.6 
80 47.5 40.2 29.7 
96 38.8 31.7 24.4 
112 30.8 22.0 15.0 
128 24.4 16.5 - 
144 16.8 11.3 - 








TABLE 4.9 Predicted skid number for different pavements with varying speeds and 
water film thicknesses 











A 32 52.3 82.8 E 32 59.8 82.8 
 64 33.2 70.9  64 37.7 70.9 
 96 21.4 47.1  96 23.8 47.1 
B 32 67.1 94.6 F 32 51.3 79.9 
 64 58.5 85.9  64 32.6 68.4 
 96 54.0 81.7  96 21.1 45.5 
C 32 66.1 95.6 G 32 67.1 96.6 
 64 57.7 86.8  64 58.5 87.7 
 96 53.2 82.5  96 54.0 83.3 
D 32 60.8 87.7 H 32 68.0 97.6 
 64 38.3 75.1  64 59.4 88.6 
 96 24.1 49.8  96 54.7 84.2 
Noted: Test conditions: ASTM E524 smooth tire, wheel load= 4800 N, tire inflation 
pressure = 165.5 kPa. 
 











A 32 46.4 76.7 E 32 52.9 76.7 
 64 21.4 39.6  64 23.1 39.6 
 80 15.5 28.4  80 15.6 28.4 
B 32 66.8 96.4 F 32 45.6 74.0 
 64 56.5 82.0  64 21.2 38.4 
 96 45.4 74.1  80 17.6 27.8 
C 32 65.8 94.5 G 32 66.8 95.4 
 64 55.7 80.3  64 56.5 81.2 
 96 44.8 72.7  96 45.4 73.4 
D 32 53.7 81.1 H 32 67.3 96.4 
 64 23.4 41.6  64 57.3 82.0 
 80 15.6 29.4  96 46.0 74.1 
Noted: Test conditions: ASTM E524 smooth tire, wheel load= 4800 N, tire inflation 
pressure = 165.5 kPa. 
  




TABLE 4.10 Percentage improvement in skid number due to groove and ABS 
application 
(a) Percentage improvement in skid number on canvas belt concrete pavements 






Percentage improvement in skid number due to 
Groove 
application for 







0.5 32 25.5% 57.1% 77.4% 
0.5 64 69.9% 103.0% 149.4% 
0.5 96 148.4% 126.5% 283.1% 
1.0 32 28.3% 58.4% 81.1% 
1.0 64 76.4% 113.6% 158.8% 
1.0 96 152.5% 120.3% 282.0% 
3.8 32 32.4% 70.9% 87.1% 
3.8 64 132.5% 108.4% 239.6% 
3.8 96 201.4% 79.0% 342.4% 
7.5 32 45.1% 65.4% 103.8% 
7.5 64 168.1% 85.3% 275.7% 
7.5 96 196.6% 57.3% 368.7% 
 
(b) Percentage improvement in skid number on burlap drag concrete pavements 






Percentage improvement in skid number due to 
Groove 
application for 







0.5 32 9.3% 39.8% 54.1% 
0.5 64 46.6% 78.6% 114.6% 
0.5 96 94.7% 82.7% 198.9% 
1.0 32 11.8% 41.0% 57.2% 
1.0 64 55.1% 91.6% 126.6% 
1.0 96 127.0% 102.1% 242.3% 
3.8 32 15.6% 47.2% 62.9% 
3.8 64 110.4% 86.1% 206.4% 
3.8 96 202.2% 110.1% 342.1% 
7.5 32 21.7% 43.6% 70.9% 
7.5 64 140.8% 71.4% 237.4% 
7.5 96 194.9% 85.9% 366.0% 




(c) Percentage improvement in skid number on small aggregate asphalt pavements 






Percentage improvement in skid number due to 
Groove 
application for 







0.5 32 27.8% 52.5% 84.5% 
0.5 64 72.9% 99.3% 159.4% 
0.5 96 152.2% 122.2% 297.0% 
1.0 32 30.7% 55.6% 88.3% 
1.0 64 79.4% 109.7% 168.7% 
1.0 96 156.2% 115.8% 295.5% 
3.8 32 34.7% 22.4% 94.4% 
3.8 64 115.9% 81.3% 221.8% 
3.8 96 202.4% 78.4% 353.0% 
7.5 32 46.6% 62.5% 109.5% 
7.5 64 167.1% 81.6% 283.7% 





























SN 100%, 64, ASTM 
Condition: 
Tire Inflation Pressure = 165.5 kPa 
Wheel Load = 4800 N 
ASTM E-524 Tire 
tw = 0.5 mm 
v = 64 km/h 

















Water Film Thickness (mm) 
Condition: 
Tire Inflation Pressure = 165.5 kPa 
Wheel Load = 4800 N 
SN100%, 64, ASTM = 20, v = 64 km/h 
ASTM E-524 Tire 
















Vehicle Speed (km/h) 
Condition: 
Tire Inflation Pressure = 165.5 kPa 
Wheel Load = 4800 N 
SN100%, 64, ASTM = 20, v = 64 km/h 











FIGURE 4.2 SN-V curves for friction tests performed by Smith (1983) on different 
groove patterns 
Note: Based on ASTM test conditions: test speed =64 km/h, ASTM standard smooth tire, load 







































































































Vehicle speed V (km/h) 
Experimental data 
Simulation data: driving lane 
Simulation data: 
passing lane 
(a) Pattern A (case I) (b) Pattern B (case II) 
(c) Pattern C (case III) (d) Pattern D (before grooving) 






FIGURE 4.3 Effect of vehicle speed and water-film thickness on skid resistance 
Note: Based on ASTM test conditions: test speed =64 km/h, ASTM standard smooth tire, load 
























Vehicle speed V (km/h) 

























Vehicle speed V (km/h) 

























Water-film thickness tw (mm) 

























Water-film thickness tw (mm) 





(a) Driving lane (b) Passing lane 
(c) Driving lane (d) Passing lane 


















































Vehicle speed (km/h) 
Transverse spacing =19 mm 
Transverse spacing = 76 mm 
Transverse spacing = 95 mm 
Transverse spacing = 57 mm 
















Vehicle speed (km/h) 
Longitudinal spacing = 19 mm 
Longitudinal spacing = 38 mm 
Longitudinal spacing =  57 mm 
Longitudinal spacing =  76 mm 
















Vehicle speed (km/h) 
Groove depth = 3 mm 
Groove depth =5 mm 
Groove depth = 9 mm 
Groove depth = 7 mm 
(a) Groove width = 3mm, groove depth = 3mm, longitudinal spacing = 19mm 
(b) Groove width = 3mm, groove depth = 3mm, transverse spacing = 38mm 
(c) Groove width = 3mm, transverse spacing = 38mm, longitudinal spacing = 19 mm 























Vehicle speed (km/h) 
Groove width= 3 mm 
Groove width= 5 mm 
Groove width= 9 mm 
















Vehicle speed (km/h) 
Groove spacing =19 mm 
Groove spacing =38 mm 
Groove spacing =76 mm 
(d) Groove depth = 3mm, transverse spacing = 38mm, longitudinal spacing = 19 mm 
 
(e) Groove width = 3mm, groove depth = 3mm, 
























Water film thickness 
Vehicle speed = 64 km/h 
Locked-wheel on smooth  pavement   
ABS on smooth  pavement   
Locked-wheel  
on grooved  pavement   














Water film thickness 
Vehicle speed = 64 km/h 
Locked-wheel on smooth  pavement   
Locked-wheel on grooved  pavement   
ABS on grooved pavement   














Water film thickness 
ABS on grooved pavement   
Locked-wheel on grooved  pavement   
ABS on smooth  pavement   
Locked-wheel on smooth  pavement   
Vehicle speed = 64 km/h 
(a) Canvas belt concrete 
 
(b) Burlap drag concrete pavements 
(c) Small aggregate asphalt pavements 
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Chapter 5 Prediction of Passenger Car Braking Distance 
on Wet Pavements 
5.1 Introduction 
The attainment of a safe automobile braking distance is heavily dependent on the 
availability of tire-pavement skid resistance. During wet weather, wet pavement skid 
resistance reduces substantially from its dry weather value. The reduced skid resistance 
level can lead to a longer braking distance and reduced directional control, increasing 
the risk of accident occurrence (Zuieback 1977; Cairney 2006). Therefore it is 
important for highway agencies to ensure that the pavement friction levels in their road 
network are sufficient under all weather conditions. 
Ong and Fwa (2010) who proposed a rational method to determine vehicle braking 
distances of in-service pavements for automobiles with their wheels locked during 
skidding. By means of simulation model, braking distances were computed from 
pavement friction thresholds used by highway agencies. They were compared against 
braking distance requirements to determine the weather conditions at which design 
braking distances used in geometric design standards were appropriate. 
Whilst the work highlighted the importance of linking up pavement friction 
management and highway geometric design, the conditions at which safe braking is 
derived was based on that of a locked wheel. This could not accurately represent 
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braking performance of modern automobiles. Moreover, only smooth pavement 
surface was assumed in their study. Today, most vehicles are equipped with antilock 
braking system (ABS) for enhanced wet-road safety performance. By optimizing 
wheel slip during braking, wheel locking is prevented and the available braking force 
is maximized. 
This chapter therefore presents an numerical method to compute braking distance 
for automobiles by utilizing the finite element skid resistance simulation developed in 
Chapter 3 and Chapter 4. The analyses can evaluate the braking distances for 
automobiles moving on grooved pavements under various driving conditions, and the 
benefits of pavement grooving and ABS control on automobile braking performance 
during wet weather. 
5.2 Mechanistic Determination of Passenger Car Braking Distance for 
In-Service Pavements 
The overall procedure used to compute the passenger car braking distance considering 
the effects of pavement and other operation conditions is illustrated in Figure 5.1. In 
this section, the detailed description on the main components of the procedure is given. 
For an automobile with a given tire type and properties, its braking distance on a 
certain pavement is related to its initial travel speed and the water-film thickness on the 
pavement surface. Braking distance D is the distance traveled by the vehicle from the 
point of braking application to the point of complete stop. This distance can be 







D v t dt= ∫                                                                   (5.1) 
where v(t) is the vehicle speed at time t, t = 0 is the time at first application of brake, t 
= T is the time when vehicle comes to a complete stop, i.e. v(T) = 0, and Δx represents 
the distance covered over an incremental time period Δt, as shown is Figure 5.2 
The vehicle speed at time t can be computed as: 
( ) ( ) ( )
t t
t t
v t v t t a t dt
+∆
−∆
= − ∆ − ∫                                                   (5.2) 
where a(t) is the deceleration rate of the vehicle.  
The deceleration rate of the vehicle is a function of the pavement skid resistance 
and pavement grade: 
( ) ( )a t t G gµ= +                                                              (5.3) 
where µ(t) is the coefficient of friction between the tire and wet pavement surface, G is 
the grade of the pavement and g is the acceleration due to gravity. 
Pavement skid resistance is numerically related to the tire-pavement coefficient of 
friction µ(t) by the following equation: 
( )0.01 SNµ =                                                                  (5.4) 
If pavement grade were to be ignored (i.e. G = 0), Equation (5.1) can be reformulated 
as: 
( ) ( ) ( )
0 0
0.01
T T t t
t t




= = −∆ − 
 
∫ ∫ ∫                               (5.5) 
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Equation (5.5) provides the computation basis for evaluating braking distance. 
Figure 5.2 also presents a schematic plot of deceleration rate a(t) against time. 
Computationally, the vehicle speed at any time t1 can be determined by the given 
equation, 
1 0( ) ( )i
i
v t v v= − ∆∑                                                   (5.6) 
where Δv represents the velocity reduction over a time period Δt, as shown in Figure 
5.2. It can be noted that the deceleration rate a(t) increases as vehicle speed v(t) 
decreases. Considering the case of a pavement with constant grade G, the variation of 
deceleration rate a(t) with speed is mainly contributed by the frictional property of 
tire-pavement interface, namely skid resistance SN. The relationship between vehicle 
speed v and skid resistance SN as well as their relationship with other factors such as 
water film thickness, pavement and vehicle operation condition are well studied. This 
chapter will demonstrate the relationship between braking distance, pavement texturing 
and tire slip ratio. 
5.3 Braking Distance on Grooved Pavements 
In the present study, the effects of pavement grooving (i.e. two-dimensional grooving 
and one-directional grooving) on vehicle braking performance are evaluated using the 
proposed methodology for braking distance calculation. The texturing patterns 
considered in this section are the same pavement grooving dimensions adopted by 
Smith (1983) analyzed in Section 4.3. 
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5.3.1 Computation of Vehicle Braking Distance on Grooved Pavements 
The calculation of vehicle braking distance is mainly based on the friction property of 
tire pavement interaction, which is related to the deceleration rate as shown in 
Equation (5.2). To calculate the deceleration rate in this analysis, the proposed 
simulation model as proposed in Section 4.3 is adopted. With the development of SN-v 
relationships presented in Figure 4.2 and Table 4.5, the effect of groove patterns on 
braking distance can be mechanistically evaluated and compared. The braking distance 
is calculated for the worst case represented by a locked wheel. Since the locked wheel 
condition results in a minimum pavement friction, the computed braking distance 
represents the worst scenario and provides a conservative estimate for the actual 
braking distance. 
5.3.2 Analysis of Braking Distance Results 
Using the braking distance computation procedure described in Figure 5.1, the braking 
distances for the cases presented in Tables 4.2 and 4.3 can be evaluated at different 
initial vehicle speeds (at the point of brake application) and water film thicknesses. 
Table 5.1 shows the computed braking distance for each groove pattern under varying 
speed and water film thickness conditions. 
Figures 5.3 (a) and (b) illustrate the effect of initial vehicle speed on braking 
distance on the driving and passing lanes for a water-film thickness of 0.5 mm. Similar 
Chapter 5.  Prediction of passenger car braking distance on wet pavements 
150 
 
observations can be made for the other water-film thicknesses considered in the 
analysis. It can be seen from the figure that in general, braking distance increases with 
increasing initial vehicle speed. Moreover, it is clear from the figure that Pattern C has 
the largest reduction in braking distance and is the most beneficial when compared to 
Patterns A and B. 
The effect of water-film thickness on driving and passing lane braking distances 
(for a given initial speed of 64 km/h) is shown in Figures 5.3 (c) and 5(d) respectively. 
Three observations can be made. First, it is observed that an increase in water film 
thickness results in an increase in braking distance. This increase can be attributed to 
the decreasing trend of skid number with increasing water depths depicted in Figure 
4.2. Second, it can be seen from the figure that the introduction of grooves greatly 
reduces the braking distance, with Pattern C seemingly the best-performing one. Third, 
it is noted from Table 5.1, Figures 5.3 (c) and (d) that a variation in water film 
thickness contributes lesser to braking distance, compared to a variation in initial 
vehicle speed or a change in pavement surface pattern. 
Table 5.2 further quantifies the percentage improvement in braking distance due 
to the application of pavement grooves. It is clear that grooves provide a beneficial 
reduction in braking distance. Out of the three groove patterns, Pattern C provides the 
most benefits in braking distance reductions (ranging between 34% and 73%, when 
compared against the braking distances on un-grooved pavements). 
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It is clear from the presented braking distance analyses that the use of transverse 
grooves with longitudinal grinding (Pattern C) provide better benefits in skid resistance 
improvement and braking distance reduction compared to transverse grooves (Pattern 
A) and longitudinal grinding (Pattern B). This is due to the increase drainage 
capabilities of this surface texture pattern. 
5.4 Braking Distance Requirements for Automobiles with and without 
Antilock Braking System 
In this section, the analysis first employs the finite element simulation model described 
earlier to determine the braking distances corresponding to different operating 
conditions (available pavement skid resistance, road posted speed, water-film thickness, 
presence of ABS) for the case of smooth tires. The results offer an overview of how 
braking distance is affected by operating conditions. Next, using the minimum friction 
threshold values used by selected state highway agencies, the available braking 
distances under different operating conditions are computed and compared with the 
2011 AASHTO braking distance requirements. 
5.4.1 Computation of Braking Distance with and without Tire Slip Ratio 
Recognizing that skid resistance can be affected by tire properties, pavement surface 
characteristics, vehicle operation conditions as well as environmental conditions, the 
skid resistance number SN can be further expressed as: 
Chapter 5.  Prediction of passenger car braking distance on wet pavements 
152 
 
( )0, , , , ,t wSN f v S p t P SN=                                                     (5.7) 
This equation indicates that skid resistance is dependent on vehicle speed (v), tire slip 
ration S, tire inflation pressure (pt), water-film thickness (tw), wheel load (P), skid 
number at zero speed (SN0). Equations (5.1) and (5.7) can then be applied to estimate 
the braking distance for a vehicle. 
5.4.2 Analysis of Braking Distance Results 
Using the braking distance computation procedure described in Figure 5.4, braking 
distances can be computed for varying initial speeds (i.e. speed at time of brake 
application), water film thicknesses and SN100%,64,ASTM values and are tabulated in 
Table 5.3. 
As an illustration, the braking distance results for the case of tires with ABS and a 
pavement with a SN100%,64,ASTM value of 20 are plotted in Figure 5.5. The following 
observations can be made: 
• Figure 5.5(a) shows that the braking distance on wet pavements increases at a 
decreasing rate with increasing water- film thicknesses. This is due to the fact 
that wet pavement skid resistance decreases with increasing water film 
thickness at a decreasing rate, as shown in Figure 3.11(b). The highest rate of 
increase in braking distance occurs when the water film thickness ranges 
between 0.5 mm and 2 mm. As the water film thickness increases beyond 2 mm, 
the rate of increase in braking distance tends to stabilize. 
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• Figure 5.5(b) shows that the braking distance on wet pavements increases with 
increasing vehicle speed. The rate of increase of braking distance rises when 
vehicle traveling speed is higher than 40 km/h. For a water film thickness of 0.5 
mm, braking distance increases by 59 m when vehicle speed is raised to 80km/h 
whereas the increases are 66m and 78 m for water film thickness of 2 mm and 10 
mm respectively. 
Figure 5.6 further compares the braking distances experienced by tires with ABS 
and locked wheels. It is clear from the figure that in the presence of ABS control, 
braking distance is reduced when compared to a locked wheel. The reduction increases 
at higher speeds indicating the effectiveness of ABS at high vehicle speeds, but 
decreases when the water-film thickness increases indicating the increasing difficulty 
to dispel water from the tire-pavement contact patch. For a water film thickness of 0.5 
mm, the reduction in braking distance is around 32% at 40 km/h, 36% at 60 km/h and 
38% at 80 km/h. For a water film thickness of 8 mm, the reduction in braking distance 
reduces to around 30% at 40 km/h, 30% at 60 km/h and 27% at 80 km/h. 
5.4.3 Connecting Braking Distance Requirements and Pavement Friction 
Management 
Ong and Fwa (2010) have mentioned the important need to evaluate braking distances 
of in-service pavements and check against the required braking distance for safe road 
operations. Using the minimum threshold skid resistance values specified by several 
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highway agencies for their pavement friction management programs, this section 
analyses the braking distance performance for tires with and without ABS against the 
braking distance requirements used for road geometric design. For illustration purpose, 
only the minimum friction threshold values of the four US states (Idaho, Indiana, 
Virginia and Washington) which use smooth tire locked-wheel skid testing are 
examined in this section. The friction thresholds, SN100%,64,ASTM, are 30, 20, 20 and 26 
for the states of Idaho, Indiana, Virginia and Washington respectively (Henry, 2000; 
Shaffer et al., 2006; AASHTO, 2011). 
The results of analysis of the implications of the friction management threshold 
values adopted by the four states in USA on braking distances for automobiles 
equipped with ABS are illustrated in Figure 5.7. This figure plots the speed-braking 
distance relationships for three different water film thicknesses. Figures 5.7 (a), (b) and 
(c) shows the relationships for different threshold values of 20, 26 and 30 respectively 
(corresponding to the practical threshold levels used in Indiana, Virginia, Washington 
and Idaho). The 2011 AASHTO requirements (AASHTO, 2011) are also plotted in the 
figures. It can be observed graphically that the amount of water-film thickness 
allowable on the pavement surface is a major consideration in pavement friction 
management to meet braking distance requirements.  
Table 5.4 further compares the adequacy of locked wheels and wheels equipped 
with ABS in meeting the 2011 AASHTO braking distance requirements for different 
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vehicle speeds. Depending on the design speed, there is a range of water film 
thicknesses where both the braking requirements and the pavement friction 
management threshold are satisfied. In general, the water film thicknesses which 
satisfy both braking requirements and the pavement friction management threshold are 
higher for tires with ABS than locked wheels. The use of ABS not only reduces 
braking distances but also increases the water-film thickness requirements at which 
both braking distance requirements and minimum pavement friction thresholds are met 
as compared to locked wheels. This certainly justifies the use of ABS in modern 
automobiles as a means to enhance highway safety. 
5.5 Braking Distance for Different Driving Conditions on Grooved Pavements  
This section analyzes the performances in braking distance on grooved pavements for 
two driving conditions. The two driving conditions are the locked wheel condition and 
optimal slipping wheel condition which represents the effect of ABS control. 
5.5.1 Computation of Vehicle Braking Distance 
The procedure for braking distance calculation in this section considers both the effects 
of pavement grooving and tire slip. It is known that skid number depends on various 
factors: vehicle speed (v), tire inflation pressure (pt), water-film thickness (tw), wheel 
load (P), skid number at zero speed (SN0), grooved width (w), grooved depth (d), 
groove center-to-center spacing (s) and groove pattern (Θ). Thus for a given pavement 
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surface, the skid resistance number SN can be further expressed as: 
SN = ƒ (v, pt, tw, P, SN0, w, d, s, Θ)                                              (5.8) 
where all the parameters are as defined earlier. The SN values can be calculated using 
results from the simulation model as described in Section 4.4. The SN is then used to 
estimate the frictional coefficient as given in Equation (5.2). The braking distance can 
be determined as illustrated in Figures 5.1 and 5.3. The braking distance was calculated 
using a numerical integration method. 
5.5.2 Analysis of Braking Distance Results 
Vehicle braking distance estimated by the proposed method in this section represents 
two case scenarios: the locked wheeling condition which represents the worst case 
scenario and the optimal slipping wheel condition which is closed to the true 
maneuvering controlled by ABS. The results directly demonstrate the driving benefits 
of pavement grooving during wet weather operation. 
The calculated braking distances for different water film thickness under each 
driving condition are listed in Tables 5.5 and 5.6 for ungrooved pavements and 
grooved pavements respectively for locked wheel case and rolling wheel case with 
optimal tire slip. Table 5.7 further quantifies the percentage improvement in braking 
distance due to the application of ABS and the application of pavement grooving. The 
observations can be made as: 
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a) Based on the calculated braking distance, the effect of grooving in reducing 
automobile braking distance during wet weather could be highlighted. As can 
be seen from Tables 5.5 and 5.6, considering the locked wheel case of a 7.5 
mm water film thickness and design speed of 80 km/h, the predicted braking 
distances are between 96 and 109 m for smooth pavement whereas these 
distances reduce to around 44 m for grooved pavement. Similar trends of 
changes in braking distance are also found for ABS controlled wheel. The 
lesser braking distance associated with a grooved pavement indicates the 
benefit gained in reducing wet weather accident risk. Moreover, as shown in 
Table 5.7, it can be observed that the application of pavement grooving is 
more efficient than the application of ABS control under the same condition 
when the water-film thickness is less than 4 mm. For water thickness thicker 
than 4 mm, pavement grooving becomes more efficient at initial vehicle 
speeds higher than 60 km/h. This suggests the importance of providing escape 
channels when the water thickness is thick. 
b) The Application of ABS could substantially reduces the braking distance for 
the various water film thicknesses: as shown in Table 5.7, for 0.5mm water 
film thickness on burlap drag concrete pavements, the braking distance 
compared to the locked wheel on the same ungrooved pavement is reduced by 
30.2%, 35.3%, 40% and 38.6% for initial speeds 40 km/h, 60 km/h, 80km/h 
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and 100 km/h, and similarly for 7.5 mm water film thickness the braking 
distances are reduced by 28.5%, 31.8%, 35.6% and 47% respectively for 
initial speeds 40 km/h, 60 km/h, 80km/h and 100 km/h. 
c) The effects of water film thickness: It can be observed that braking distance 
on wet pavements increases with increasing water-film thickness. This is due 
to the fact that wet pavement skid resistance decreases with thicker water-film 
thickness. The highest rate of increase in braking distance for locked wheel on 
smooth pavement occurs when the water-film thickness reaches 4 mm. While 
for the case of ABS controlled wheel on grooved pavement, the rate of 
increase in braking distance tends to stabilize. Figure 5.8 (a) to (c) illustrates 
the effect of water-film thickness on braking distances (for a given initial 
speed of 80 km/h). 
d) The effects of ABS control and pavement grooving: It is clear from Table 5.7 
that in the presence of ABS control and pavement grooving, braking distance 
is significantly improved by 71.8% when compared to a locked wheel sliding 
on smooth pavement. The larger percent improvements at higher speeds 
indicate the effectiveness of these applications at high vehicle speeds. 
5.6 Summary 
This chapter presents a refined numerical method to estimate braking distances for 
automobiles under wet pavement condition by incorporating different operation and 
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pavement conditions. Instead of relying on experimental evidence or standard design 
equations, this chapter applies a sound numerical approach to evaluate the benefits of 
pavement grooving and wheel ABS control on automobile braking distances. It offers a 
valuable analytical tool for pavement designs and evaluation. The proposed braking 
distance computation method is a mechanistic approach that incorporates the effects of 
the key factors such as water film thickness, tire slip ratio, wheel load and surface 
condition into the analysis of braking distance. The analyses presented re-affirm the 
road safety benefits of having tire antilock control and the use of grooved pavements. 
 
  




TABLE 5.1 Braking distance for different groove patterns with varying initial speeds 









Predicted braking distance on 
driving lane for given grooved 
pattern 
Predicted braking distance on 
passing lane for given groove 
pattern 
A B C D A B C D 
0.5 20 5.4 3.0 3.2 10.2 3.2 2.9 3.1 4.9 
0.5 40 21.8 12.7 12.8 44.8 12.9 11.8 12.5 20.6 
0.5 60 50.5 31.3 29.8 108.0 30.0 29.1 28.3 51.0 
0.5 80 93.2 64.0 55.0 203.8 56.0 60.4 52.3 103.7 
0.5 100 155.2 130.4 92.8 338.5 95.4 128.4 87.7 203.7 
2.5 20 5.5 3.1 3.2 10.7 3.3 3.0 3.2 5.0 
2.5 40 22.1 12.9 12.9 45.0 13.1 12.4 12.7 21.7 
2.5 60 51.9 32.0 30.0 108.2 30.6 30.2 28.4 55.1 
2.5 80 95.8 66.6 56.0 205.9 57.5 62.9 53.0 115.3 
2.5 100 158.7 140.7 95.5 352.4 98.1 134.4 91.0 237.3 
5.0 20 5.6 3.2 3.4 11.0 3.4 3.1 3.3 5.2 
5.0 40 22.7 13.4 14.0 45.4 13.7 13.0 12.8 22.8 
5.0 60 53.0 33.7 33.1 110.3 32.8 31.7 30.3 59.7 
5.0 80 98.3 72.5 62.5 214.6 62.9 68.5 57.3 132.8 
5.0 100 163.2 170.4 107.3 380.9 110.3 162.3 98.9 255.0 
7.5 20 5.7 3.5 3.7 11.2 3.5 3.2 3.5 5.3 
7.5 40 23.6 14.2 15.1 50.0 14.2 13.3 13.7 24.1 
7.5 60 55.7 36.2 35.9 124.0 34.1 34.3 32.9 67.3 
7.5 80 103.3 77.2 68.4 233.4 65.4 73.8 62.8 150.2 
7.5 100 170.5 175.5 116.9 390.6 114.0 166.8 107.6 274.1 
Note: 
1. Refer to Table 4.6 for definition of patterns. 
2. Results are presented for a ASTM standard smooth tire with load = 4800 N and tire 
inflation pressure = 165.5 kPa. 
 
  












Percentage reduction in braking distance due to groove application 
Driving lane Passing lane 
Case I Case II Case III Case I Case II Case III 
0.5 20 47.1% 70.6% 68.6% 34.7% 40.8% 36.7% 
0.5 40 51.3% 71.7% 71.4% 37.4% 42.7% 39.3% 
0.5 60 53.2% 71.0% 72.4% 41.2% 42.9% 44.5% 
0.5 80 54.3% 68.6% 73.0% 46.0% 41.8% 49.6% 
0.5 100 54.2% 61.5% 72.6% 53.2% 37.0% 56.9% 
0.5 120 48.6% 71.0% 70.1% 34.0% 40.0% 36.0% 
2.5 20 50.9% 71.3% 71.3% 39.6% 42.9% 41.5% 
2.5 40 52.0% 70.4% 72.3% 44.5% 45.2% 48.5% 
2.5 60 53.5% 67.7% 72.8% 50.1% 45.4% 54.0% 
2.5 80 55.0% 60.1% 72.9% 58.7% 43.4% 61.7% 
2.5 100 49.1% 70.9% 69.1% 34.6% 40.4% 36.5% 
2.5 120 50.0% 70.5% 69.2% 39.9% 43.0% 43.9% 
5.0 20 51.9% 69.4% 70.0% 45.1% 46.9% 49.2% 
5.0 40 54.2% 66.2% 70.9% 52.6% 48.4% 56.9% 
5.0 60 57.2% 55.3% 71.8% 56.7% 36.4% 61.2% 
5.0 80 49.1% 68.8% 67.0% 34.0% 39.6% 34.0% 
5.0 100 52.8% 71.6% 69.8% 41.1% 44.8% 43.2% 
5.0 120 55.1% 70.8% 71.0% 49.3% 49.0% 51.1% 
7.5 20 55.7% 66.9% 70.7% 56.5% 50.9% 58.2% 
7.5 40 56.3% 55.1% 70.1% 58.4% 39.1% 60.7% 
7.5 60 47.1% 70.6% 68.6% 34.7% 40.8% 36.7% 
7.5 80 51.3% 71.7% 71.4% 37.4% 42.7% 39.3% 
7.5 100 53.2% 71.0% 72.4% 41.2% 42.9% 44.5% 
7.5 120 54.3% 68.6% 73.0% 46.0% 41.8% 49.6% 
Note:  
1. Refer to Table 4.6 for definition of patterns. 
2. Results are presented for a ASTM standard smooth tire with load = 4800 N and tire 
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TABLE 5.3 Braking distance for locked wheels and wheels with ABS 
SN100%,64,ASTM Vinitial 
(km/h) 










20 40 0.5 22 15 35 40 0.5 11 8 
20 40 1 26 19 35 40 1 13 8 
20 40 2 33 24 35 40 2 15 9 
20 40 4 37 26 35 40 4 17 11 
20 40 8 40 28 35 40 8 19 13 
20 60 0.5 55 35 35 60 0.5 28 17 
20 60 1 66 41 35 60 1 33 19 
20 60 2 83 50 35 60 2 38 23 
20 60 4 89 55 35 60 4 43 27 
20 60 8 99 69 35 60 8 50 33 
20 80 0.5 120 74 35 80 0.5 60 36 
20 80 1 143 85 35 80 1 73 42 
20 80 2 161 97 35 80 2 84 53 
20 80 4 168 108 35 80 4 94 56 
20 80 8 179 126 35 80 8 112 82 
25 40 0.5 16 11 40 40 0.5 10 6 
25 40 1 21 13 40 40 1 11 7 
25 40 2 23 15 40 40 2 12 7 
25 40 4 24 15 40 40 4 14 8 
25 40 8 26 17 40 40 8 17 11 
25 60 0.5 41 26 40 60 0.5 24 15 
25 60 1 53 31 40 60 1 29 17 
25 60 2 57 34 40 60 2 31 19 
25 60 4 61 38 40 60 4 36 22 
25 60 8 67 45 40 60 8 42 28 
25 80 0.5 112 66 40 80 0.5 52 31 
25 80 1 117 68 40 80 1 63 36 
25 80 2 125 77 40 80 2 70 44 
25 80 4 132 82 40 80 4 80 49 
25 80 8 144 113 40 80 8 95 69 
30 40 0.5 13 9 45 40 0.5 8 5 
30 40 1 16 10 45 40 1 10 6 
30 40 2 18 11 45 40 2 11 7 
30 40 4 21 13 45 40 4 12 8 
30 40 8 23 15 45 40 8 13 8 
30 60 0.5 33 23 45 60 0.5 21 13 
30 60 1 40 24 45 60 1 25 14 
30 60 2 48 29 45 60 2 28 17 
30 60 4 54 33 45 60 4 32 20 
30 60 8 58 40 45 60 8 35 24 
30 80 0.5 72 45 45 80 0.5 46 33 
30 80 1 88 52 45 80 1 54 32 
30 80 2 105 67 45 80 2 61 38 
30 80 4 121 82 45 80 4 68 42 
30 80 8 125 97 45 80 8 78 58 
Note: Assumed ASTM standard smooth tire with tire inflation pressure of 165.5 kPa, wheel load of 4800 
N, zero grade. SN100%,64,ASTM = locked wheel skid number at 64km/h under ASTM testing condition (Test 
Condition A), v = vehicle traveling speed, dw = water-film thickness, Dlocked = braking distance for 
locked wheel (Test Condition B), and DABS = braking distance for wheel with ABS at optimal slip of 15% 
(Test Condition C) 
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TABLE 5.4 Water film thicknesses satisfying 2004 AASHTO braking and PMS 
frictional requirements 






Range of tw Satisfying 
Distance Requirement for 
Wheels with ABS 
Range of tw Satisfying 
Distance Requirement 
for Locked Wheels 
40 18 tw ≤ 1.1 mm tw ≤ 0.5 mm 
60 41 tw ≤ 1 mm tw ≤ 0.4 mm 
80 73 tw ≤ 0.5 mm tw ≤ 0.1 mm 
Note: Assumed ASTM standard smooth tire with tire inflation pressure of 165.5 kPa, wheel 
load of 4800 N, zero grade. 
 
 






Range of tw Satisfying 
Distance Requirement for 
Wheels with ABS 
Range of tw Satisfying 
Distance Requirement 
for Locked Wheels 
40 18 tw ≤ 8 mm tw ≤ 1 mm 
60 41 tw ≤ 5 mm tw ≤ 0.5 mm 
80 73 tw ≤ 1.5 mm tw ≤ 0.2 mm 
Note: Assumed ASTM standard smooth tire with tire inflation pressure of 165.5 kPa, wheel 
load of 4800 N, zero grade. 
 
 






Range of tw Satisfying 
Distance Requirement for 
Wheels with ABS 
Range of tw Satisfying 
Distance Requirement 
for Locked Wheels 
40 18 tw ≤ 8 mm tw ≤ 2 mm 
60 41 tw ≤ 8 mm tw ≤ 1 mm 
80 73 tw ≤ 3 mm tw ≤ 0.5 mm 
Note: Assumed ASTM standard smooth tire with tire inflation pressure of 165.5 kPa, wheel 
load of 4800 N, zero grade. 
 
  




Table 5.5 Braking distance for various smooth pavements with different initial speeds 









Predicted braking distance on for 
locked wheel case 
Predicted braking distance for ABS 
controlled wheel case 
A D E F A D E F 
0.5 20 3.1 2.7 2.5 2.8 2.2 2.0 2.0 2.1 
0.5 40 13.2 10.6 11 12.4 8.1 7.4 7.8 7.9 
0.5 60 32.2 27.8 29.3 32.3 19.3 18 18.8 19.2 
0.5 80 63.2 58.3 63.1 67.9 36.9 35 36.5 37.2 
0.5 100 115.8 102.5 118.4 121.6 65.1 62.9 65.3 66.3 
1.0 20 3.2 2.8 2.6 3.0 2.3 2.2 2.2 2.2 
1.0 40 13 10.9 11.4 12.8 8.2 7.5 7.9 8.0 
1.0 60 34.5 29 30.6 34.7 19.5 18.1 19 19.4 
1.0 80 74.9 62.6 67.2 78.0 37.2 35.2 36.8 37.7 
1.0 100 143.2 113.6 126.5 156.7 65.9 64.3 67.5 69.1 
3.8 20 3.3 2.9 2.8 3.1 2.5 2.4 2.4 2.4 
3.8 40 14.4 11.5 12 13.9 8.7 8.5 8.3 8.5 
3.8 60 38.4 33 35.7 37.4 22.8 22.4 22.8 22.4 
3.8 80 92.3 71.4 86.5 90.4 51.6 43.3 50.3 50.6 
3.8 100 171.9 156.6 160.9 169.0 90.6 84.6 89.4 88.8 
7.5 20 3.5 3.1 3.1 3.2 2.9 2.7 2.8 2.8 
7.5 40 15.6 12.3 13.1 14.0 9.8 8.8 9.4 9.2 
7.5 60 42.5 37.1 41 37.3 26.1 25.3 26.9 25.0 
7.5 80 103.5 91.5 108.9 95.9 62.4 58.9 65 60.4 
7.5 100 193.8 181.3 198.5 185.6 113.4 96.0 117.1 110.0 
Note: Refer to Figure 4.11 for definition of pavement surface patterns. 
  




TABLE 5.6 Braking distance for various grooved pavements with different initial 









Predicted braking distance on for 
locked wheel case 
Predicted braking distance for ABS 
controlled wheel case 
B C G H B C G H 
0.5 20 2.4 2.4 2.4 2.4 2.0 1.9 1.9 1.9 
0.5 40 9.7 9.5 9.5 9.5 6.8 6.8 6.8 6.8 
0.5 60 22.6 22.3 22.3 22.3 15.7 15.6 15.6 15.7 
0.5 80 41.5 40.9 40.9 40.9 28.5 28.2 28.2 28.5 
0.5 100 68.4 67.4 67.4 67.4 46.1 45.5 45.5 46.1 
1.0 20 2.5 2.5 2.5 2.5 2.1 2.0 2.0 2.0 
1.0 40 9.8 9.7 9.7 9.7 6.9 6.9 6.9 6.9 
1.0 60 22.9 22.5 22.5 22.5 15.9 15.8 15.8 15.9 
1.0 80 42.0 41.4 41.4 41.4 29.0 28.7 28.7 29.0 
1.0 100 70.0 68.1 68.1 68.1 47.0 46.5 46.5 47.0 
3.8 20 2.6 2.6 2.6 2.6 2.2 2.1 2.1 2.2 
3.8 40 9.9 9.9 9.9 9.9 7.0 7.0 7.0 7.0 
3.8 60 23.1 22.7 22.7 22.7 16.2 16.0 16.0 16.2 
3.8 80 42.7 42.1 41.7 41.7 29.4 29.3 29.3 29.4 
3.8 100 71.0 69.0 69.0 69.0 48.2 48.1 48.1 48.2 
7.5 20 2.7 2.8 2.8 2.8 2.3 2.2 2.2 2.3 
7.5 40 10.1 10.2 10.2 10.2 7.2 7.1 7.1 7.2 
7.5 60 23.4 23.0 23.0 23.0 16.9 16.6 16.6 16.9 
7.5 80 44.1 43.6 43.6 43.6 31.2 30.9 30.9 31.2 
7.5 100 76.4 75.6 75.6 75.6 51.9 51.2 51.2 51.9 
Note: Refer to Figure 4.11 for definition of pavement surface patterns. 
  




TABLE 5.7 Percentage improvement in braking distances for different initial speeds 
and water-film thicknesses due to the application of pavement grooving and ABS 
(a) Percentage improvement in braking distances for canvas belt concrete pavement 








Percentage improvement in braking distance due to 
Groove 
application for 







0.5 20 22.6 29.0 35.5 
0.5 40 26.5 38.6 48.5 
0.5 60 29.8 40.1 51.2 
0.5 80 34.3 41.6 54.9 
0.5 100 40.9 43.8 60.2 
1.0 20 21.9 28.1 34.4 
1.0 40 24.6 36.9 46.9 
1.0 60 33.6 43.5 53.9 
1.0 80 43.9 50.3 61.3 
1.0 100 51.1 54.0 67.2 
3.8 20 21.2 24.2 33.3 
3.8 40 31.3 39.6 51.4 
3.8 60 39.8 40.6 57.8 
3.8 80 53.7 44.1 68.1 
3.8 100 58.7 47.3 72.0 
7.5 20 22.9 17.1 34.3 
7.5 40 35.3 37.2 53.8 
7.5 60 44.9 38.6 60.2 
7.5 80 57.4 39.7 69.9 
7.5 100 60.6 41.5 73.2 
 
  




(b) Percentage improvement in braking distances for burlap drag concrete pavement 








Percentage improvement in braking distance due to 
Groove 
application for 







0.5 20 11.1 25.9 29.6 
0.5 40 10.4 30.2 35.8 
0.5 60 19.8 35.3 43.9 
0.5 80 29.8 40.0 51.6 
0.5 100 34.2 38.6 55.6 
1.0 20 10.7 21.4 28.6 
1.0 40 11.0 31.2 36.7 
1.0 60 22.4 37.6 45.5 
1.0 80 33.9 43.8 54.2 
1.0 100 40.1 43.4 59.1 
3.8 20 10.3 17.2 27.6 
3.8 40 13.9 26.1 39.1 
3.8 60 31.2 32.1 51.5 
3.8 80 44.8 39.3 61.6 
3.8 100 55.9 46.0 69.3 
7.5 20 9.7 12.9 29.0 
7.5 40 17.1 28.5 42.3 
7.5 60 38.0 31.8 55.3 
7.5 80 52.3 35.6 66.2 
7.5 100 58.3 47.0 71.8 
 
  




(c) Percentage improvement in braking distances for small aggregate asphalt pavement 








Percentage improvement in braking distance due to 
Groove 
application for 







0.5 20 14.3 25.0 32.1 
0.5 40 23.4 36.3 45.2 
0.5 60 31.0 40.6 51.7 
0.5 80 39.8 45.2 58.5 
0.5 100 44.6 45.5 62.6 
1.0 20 16.7 26.7 33.3 
1.0 40 24.2 37.5 46.1 
1.0 60 35.2 44.1 54.5 
1.0 80 46.9 51.7 63.2 
1.0 100 56.5 55.9 70.3 
3.8 20 16.1 22.6 32.3 
3.8 40 28.8 38.8 49.6 
3.8 60 39.3 40.1 57.2 
3.8 80 53.9 44.0 67.6 
3.8 100 59.2 47.5 71.5 
7.5 20 12.5 12.5 31.3 
7.5 40 27.1 34.3 49.3 
7.5 60 38.3 33.0 55.5 
7.5 80 54.5 37.0 67.8 
7.5 100 59.3 40.7 72.4 
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MATHEMATICAL MODEL 
Determine incremental braking distance Δx 
for the vehicle and new speed in a given time 
step Δt using Eq. (5.2). 
 
 
Calculate: Braking distance (= sum of all 
incremental distance in previous time steps). 
New Speed < 0? 
End  
(Determine braking distance) 
Add an incremental time step Δt. 
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No 
FIGURE 5.1 Braking distance computation procedure 







FIGURE 5.2 Mathematical representation of the automobile braking problem 
 
  
x = 0, v = v0 x, v(t) (x + Δx), v(t + Δt) x = D, v = 0 
Application of brake Complete stop 
Area = Δx 
Area = Δv 
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Start t = 0 
FINITE ELEMENT SIMULATION 
MODEL 
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Determine incremental braking distance Δx 
for the vehicle and new speed in a given time 
step Δt using Eq. (5.2). 
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FIGURE 5.4 Mechanistic braking distance computation framework 




























Water film thickness dw (mm) 
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Vehicle sliding speed V (km/h) 
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Condition: 
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Water film thickness tw (mm) 
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FIGURE 5.7 Comparison water film thickness satisfying both braking distance and 
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Tire Inflation Pressure = 165.5 kPa 
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Vehicle speed v (km/h) 
2011 AASHTO  
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tw = 1 mm 
tw = 8 mm 
tw = 5 mm 
Condition: 
Tire Inflation Pressure = 165.5 kPa 
Wheel Load = 4800 N 
SN100%, 64, ASTM = 26, G = 0 






















Vehicle speed v (km/h) 
tw = 8 mm 
tw = 4 mm 
2011 AASHTO  
Requirement 
tw = 1 mm 
Condition: 
Tire Inflation Pressure = 165.5 kPa 
Wheel Load = 4800 N 
SN100%, 64, ASTM = 30, G = 0 
ASTM E-524 tire 
(a) Friction threshold of 20 
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Chapter 6 Conclusion 
6.1 Summary of Research 
The main objectives of this research as proposed in Chapter 2 are: (1) to develop a 
finite element model for skid resistance and hydroplaning speed of rolling tires under 
different levels of wetness, vehicle speed and slip ratio; (2) to develop a finite element 
model for skid resistance and hydroplaning speed of two-dimensionally grooved 
pavement surfaces with different groove dimensions under different operating 
condition and water film thickness; (3) to calculate the braking distance of pavements 
with various grooving patterns and dimensions under different vehicle operating 
conditions and water film thickness; (4) to evaluate the beneficial effects of ABS 
control in braking distance under different pavement surface conditions, water film 
thickness and vehicle speeds. 
An improved skid resistance simulation model is first developed by considering 
rolling tire as well as textured pavement surfaces. Various tire slip ratios are considered 
in the analysis of tire-fluid-pavement interactions. The calibration and validation of the 
model is performed for the case of a smooth tire with wheel slip ratio varying from 10% 
to 100% under wet pavement conditions. Validation analysis also was performed in the 
simulation model for tire skidding on two-directionally textured pavements, as well as 
for tire rolling with optimal slip ratio under the control of ABS on one dimensionally 
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grooved pavements. With the validated simulation model, it is able to evaluate the 
beneficial effects of ABS and two-dimensional pavement texturing under different 
operating conditions. Besides, the model is applied to compute braking distances under 
different water-film thickness, vehicle operation and pavement surface conditions. 
Finally, the braking distances for pavement friction thresholds used by highway 
agencies were compared against braking distance requirements to illustrate the need to 
integrate pavement friction thresholds to highway and street geometric design. In the 
present chapter, a brief summary of the research, the main achievements and 
recommended directions for further research would be provided. 
6.1.1 Development of 3-Dimentional Simulation Model for Skid Resistance of 
Rolling Tire 
Past researchers have found that the method of using locked-wheel friction 
measurements to indicate the availability of pavement skid resistance do not represent 
the true frictional performance of pavement under maneuvering and vehicle rolling 
conditions. The first part of the research therefore developed a finite element 
simulation model for the study of skid resistance and hydroplaning for rolling tires 
with slip. An improvement was made to the developed simulation model considering 
the locked wheel scenario by incorporating a rolling wheel with a given slip ratio into 
the model. Using this refined model, the effects of ABS control is also evaluated by 
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incorporating an optimum slip ratio into the skid resistance simulation model. 
The validation is performed in the modified numerical simulation model against 
experimental results conducted by General Dynamics (2004) for the standard smooth 
tire moving at 40 km/h along a smooth pavement with a 1 mm water film thickness at 
different slip ratios. Different slip ratio were included ranging from 10% to 100%. The 
difference in skid number between the predicted and experimental values is at most ± 3 
SN units. 
6.1.2 Evaluation of Skid Resistance Performance of Rolling Tires on Textured 
Pavements 
This parts of the thesis presents a model which simplifies the representation of real 
pavement macrotexture by using a two-way pavement groove to study the beneficial 
effects of pavement texturing on pavement skid resistance and hydroplaning. Various 
pavement texturing such as gird-pattern grooving has been evaluated. 
6.1.2.1 Practical Significance of Modeling Rolling Tire and Antilock Braking 
System 
This section applies the validated skid resistance model for rolling tire to evaluate the 
effects of ABS on skid resistance for different water-film thicknesses and compare it 
against locked wheel skid resistance on smooth pavement surfaces. Three test 
condition have been considered in the analysis, including a standard smooth tire 
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skidding over a pavement surface covered with 0.5mm thick water-film at a speed of 
64 km/h (Case A), a standard smooth tire skidding over a pavement with varying 
water-film thicknesses at a speed of 64 km/h (Case B), and a case considering standard 
smooth tire with a given slip ratio rolling over a pavement with a given water-film 
thickness (Case C). Based on the results, it is noted that the standard Case A provides 
consistently smaller SN than Case C for all the cases presented. 
6.1.2.2 Evaluating the Benefits of Grooving on Wet Pavement Skid Resistance 
The first part of this section utilizes a mechanistic approach to quantify the beneficial 
aspects of providing pavement grooves. Using a finite element simulation model, 
pavement skid resistance is analyzed for road surface before and after the application 
of various grooving. In total, three different groove patterns are investigated in the 
study: transverse grooves, longitudinal grinding, and transverse grooves with 
longitudinal grinding. It is noted that the provision of either pattern mentioned above 
results in an improvement in skid resistance at all water film thickness and speeds. 
Moreover, the two-way pavement groove can improve skid resistance by a range from 
55% to 340% compared to un-grooved pavement. The mechanistic approach used in 
the study to quantify these safety benefits can potentially be adopted by highway 
agencies in justifying their choice of pavement groove patterns within a pavement 
friction management framework. 
The second part of this section presents the development of a numerical model 
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which is able to estimate the skid resistance generated by passenger cars on pavement 
surfaces with various grooving patterns. The numerical model has been developed 
using structural mechanics and fluid dynamics, taking account of tire-pavement contact 
and tire-fluid interaction. Validation of this proposed model has been performed 
against the experimental data reported by past researcher. The main advantage is that 
the numerical method is able to incorporate the effects of factors such as pavement 
grooving design, vehicle speed and water film thickness into the analysis of skid 
resistance and hydroplaning speed. Then, using this validated mode, different 
pavement texturing patterns were examined. It is found that: 
• Effect of transverse spacing: the rate of decrease in skid resistance with a 
higher vehicle speed was shown to increase for a wider transverse spacing. 
• Effect of longitudinal spacing: the improvement in skid resistance 
contributed by longitudinal spacing is marginal with spacing dimension 
more than 38 mm. 
• Effect of groove depth: As groove depth becomes deeper, the recovery in 
skid resistance at a given speed increases with groove depth. 
• Effect of groove width: pavement groove width has a significant impact on 
wet-pavement skid resistance for the given grooving spacing dimension. 
With all other parameters being constant, higher skid resistance is achieved 
with wider groove width. 
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• Effect of groove spacing in both directions: In general, it is observed that 
skid resistance decreases with wider groove spacing. 
6.1.2.3 Evaluating the Driving Benefits of Pavement Grooves on Wet Pavement 
Skid Resistance 
The study also applies the 3-dimensional finite element skid resistance simulation 
model to evaluate the improvement of pavement frictional performance of transversely 
grooved pavement surfaces under different driving conditions, namely the locked and 
ABS controlled wheel. The simulation model was applied to determinate the skid 
resistance of vehicles moving on smooth pavement and transversely grooved 
pavements respectively. The skid resistance simulation model is capable to simulate 
vehicle slip on wet pavements and is validated against past experimental results. It is 
found from the analyses that skid resistance is higher for wheels equipped with ABS as 
opposed to locked wheels. Using the developed simulation model and the mechanistic 
braking distance computation framework presented in this section, the effects of 
applying pavement grooving and ABS control on skid resistance and braking distances 
are examined under different pavement operating conditions. 
6.1.3 Braking Distance Determination for Passenger Cars 
The last part of the thesis focuses on automobile braking performance in wet weather 
under different driving conditions. A mechanistic based methodology to estimate 
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automobile braking distance under wet-pavement conditions incorporating pavement 
texturing, tire slip ration and ABS control is developed. 
6.1.3.1 Braking Distance on Grooved Pavements 
The first part of this section evaluated the effects of pavement grooving on vehicle 
braking distance. In this analysis, the worst case represented by a locked wheel is 
assumed in the computation of braking distance. The effects of pavement grooving, i.e. 
two-dimensional grooving and one-directional grooving, on vehicle braking 
performance are evaluated. Based on the results, it is found that pavement grooving 
provide a beneficial reduction in braking distance. Out of the three groove patterns, 
two-way pavement groove can improve the braking distance on un-grooved pavements 
by a range of 34% and 73%. 
6.1.3.2 Braking Distance Requirements for Automobiles with and without Antilock 
Braking System  
In the second section of this part, the analysis first employs the finite element 
simulation model with tire slip ratio to determine the braking distances corresponding 
to different operating conditions for the case of smooth tires. Using the mechanistic 
braking distance computation framework presented, it was found that the model is 
capable to calculate braking distances under different pavement operating conditions. 
First It is noted that in the presence of ABS control, braking distance is reduced when 
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compared to a locked wheel. For a water film thickness of 0.5 mm, the reduction in 
braking distance is around 32% at 40 km/h, 36% at 60 km/h and 38% at 80 km/h. 
However, this reduction decreases when the water-film thickness increases indicating 
the increasing difficulty to dispel water from the tire-pavement contact patch. For 
example, when the water film thickness increased to 8 mm, the reduction in braking 
distance reduces to around 30% at 40 km/h, 30% at 60 km/h and 27% at 80 km/h. Then 
the braking distance results are used to compare against minimum pavement friction 
management thresholds and braking distance requirements based on geometric design 
standards, it was shown that vehicles with ABS are more effective in providing safe 
braking as compared to those having their wheels locked during braking. 
6.1.3.3 Braking Distance for Different Driving Conditions on Grooved Pavements 
The last part of this chapter presents a 3-dimensional finite element simulation model 
to evaluate the improvement of pavement frictional performance of transversely 
grooved pavement surfaces under different driving conditions. The simulation model 
was applied to determinate the skid resistance and braking distances of vehicles 
moving on smooth pavement and transversely grooved pavements respectively. The 
skid resistance simulation model is capable to simulate vehicle slip on wet pavements 
and is validated against past experimental results. It is found from the analyses 
presented that in the presence of ABS control and pavement grooving, braking distance 
is significantly improved by 71.8% when compared to a locked wheel sliding on 




6.2 Recommendations for Further Research 
There are several directions for future study in the areas of wet pavement performance 
as presented in this thesis: 
1. One possible area for further research is the extension of grid-pattern grooved 
texture to real-life pavement macrotexture. Pavement texturing discussed in this 
study has been applied mainly on concrete pavements for improvement of skid 
resistance. It is necessary to evaluate the effect of the macrotexture of asphalt 
pavements which has randomly distributed texture. Moreover, various equipments 
and technologies have been developed recently to measure and qualify pavement 
texture. Based on these, the incorporation of real pavement texture into the 
developed numerical model should be possible and feasible. 
2. There are three types of automobile skidding: locked wheel, slipping and slipping 
during cornering. The first two skidding scenarios has already been considered in 
this thesis. It may be interesting to complete the full analysis of the phenomenon of 
skidding by considering the yaw angle into the proposed model. 
3. Further improvement in the area of simulation model should also attempt to 
evaluate effects of tire characteristics on skid resistance such as tire tread pattern. 
The present study utilizes the standard ASTM smooth tire as a basis of comparison 
to the experimental results. Since most vehicles are equipped with tires having 
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different tread patterns, it would be beneficial to study their relative performance in 
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